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Abstract 
The homeobox is a highly conserved region of genes whose 
protein products appear to have a gene regulatory function. It has 
been proposed that the homeobox encodes a DNA-binding domain 
within these proteins (the homeodomain), with structural 
similarities to well-characterised prokaryotic DNA-binding 
proteins. The rough gene of Drosophila melanogater has a role in 
regulating the differentiation of photoreceptor cells in the 
developing ommatidium of the eye-imaginal disc. It has been 
shown to encode a homeodomain with which it might interact 
specifically with DNA to regulate gene expression. 
In this thesis are described studies of the expression, 
structure and function of the rough homeodomain. The rough 
homeobox was manipulated into a bacterial gene expression vector 
such that it encoded a 70 amino acid polypeptide (containing the 
entire homeobox). This gene construct, pJG(2), was successfully 
expressed, and the rough homeodomain (roHD) protein was purified 
as a stable entity. The purification was hampered in the absence 
of an assay for the protein and insufficient quantities were 
obtained to permit structural studies. However, the purified rol-D 
was shown to possess a sequence-specific DNA-binding activity, 
showing affinity for two previously characterised homeodomain 
consensus sequences, (TAA)s and TCAATTAAAT (Kd -1 o- 8M). 
Preliminary evidence on binding to sequences in the promoter 
region of rough is also presented. A comparison of the rol-D 
sequence with that of the Antennapedia homeodomain, whose 3-D 
structure has recently been determined, suggests that they are 
very similar. 
A fusion protein containing most of the rough homeodomain 
was produced (X17). Polyclonal antibodies were raised against this 
i. 
tissue are presented . These suggest that the rough protein is 
expressed in cells just posterior to the morphogenetic furrow in 
eye-imaginal discs . A protein - 40 kdal is evident on Western 
blots of third instar larval protein extracts which may correspond 
to the rough protein . 
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CHAPTER l, 
General Introduction and the Scope of the Thesis. 
1 .1 The Homeobox and Homeotic Mutations 
The homeobox was first discovered as a result of sequence 
analysis of genes whose mutations resulted in homeotic 
transformations in Drosophila melanogaster. Such homeotic 
mutations, first named as long ago as 1894 (Bateson 1894) cause 
developmental anomalies in which one part of the body develops in 
the likeness of another. The possible significance of these 
abnormalities for the study of biological development was 
especially noted by Bateson, given the occurrence of such altered 
developmental pathways in many plants and animals. 
The genetic induction of homeotic transformations has been 
successfully used to identify many genes -that control growth and 
pattern formation during development. Homeosis has been more 
extensively studied in the fruit fly, Drosophila melanogaster, than 
in any other organism. This has been aided by the popularity of 
Drosophila as an experimental organism for geneticists since the 
turn of the century and by its rapid and accessible development. 
Because of its experimental advantages, and given the lack of 
understanding about the genetic control of development in any 
organism, much effort has been devoted to the study of the 
development of this insect in the hope that it will provide insights 
into the development of other animals, including mammals, which 
are not so amenable to genetic analysis. 
In Drosophila, homeotic transformations can be caused by 
mutations in any of at least a few dozen genes. Most research to 
date has focussed on two clusters of homeotic genes: the bithorax 
complex (Lewis 1978) and the antennapedia (Antp) complex 
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(Kaufmann et al. 1980). Each of the genes in the two complexes is 
expressed in a certain region of the Drosophila embryo during early 
development and, in the absence of a particular gene's function, the 
corresponding part of the embryo follows a different 
developmental pathway (Akam 1987). Because these genes 
appeared to have similar functions but in different places, it was 
suggested that they might all have evolved from an ancestral gene 
by duplication and divergence, and that such divergence of the 
homeotic genes could have led to the evolution of insects, with 
their varied body segments, from annelid-like ancestors with 
simpler repeating patterns of body segments (Lewis 1978). 
The prediction that the genes of the bithorax and 
antennapedia complexes would have related structures was indeed 
shown by determination of the nucleotide sequence of the 
Ultrabithorax and Antennapedia genes. This revealed that they both 
contained a similar sequence of about 180 base pairs which was 
named the homeobox (McGinnis et al. 1984a, 1984b). The DNA 
sequences of these two homeoboxes are 74% identical, whilst at 
the protein-coding level they are 88% homologous (54 amino acids 
out of 61). This observation of greater conservation of the protein 
rather than the DNA sequence suggests that it is the protein 
sequence which is being selected and maintained during evolution 
(Scott et al.1989). 
Homeoboxes have now been found in over 20 Drosophila 
genes, most of which are known to regulate development. They 
include genes which control segment differentiation (such as 
Ultrabithorax and Antennapedia), segmentation genes that control 
the division of the embryo into segments and that in some cases 
control the homeotic genes (like fushi tarazu and engrailed) , genes 
involved in dorsal/ventral differentiation (zen 1 and 2), genes that 
act maternally to control anterior-posterior polarity of the embryo 
(bicoid and cauda~. a gene (cut) that controls cell determination in 
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the peripheral nervous system and also functions in leg, head and 
wing development, and the rough gene which functions in eye 
development (Scott et al.1989). Some of these genes were isolated 
using homeobox DNA cross-hybridisat ion, whilst in other cases the 
homeobox was only discovered after the gene had been identified in 
other ways. 
In addition, more that 50 homeobox sequences have been 
obtained from other organisms . Homeoboxes quite closely related 
to fly homeoboxes have been found by DNA cross-hybridisation in 
mice, humans, chicken and Xenopus (McGinnis et al.1984b) and in 
representative nematodes, annelids, arthropods, ascidians, 
echinoderms, brachiopods, tapeworms, molluscs and chordates, but 
not in bacteria, fungi, sponges, slime moulds, flatworms , 
platyhelminths, or aschelminths (Scott et al.1989). In most cases , 
the functions of these genes are unknown but a role in 
transcriptional regulation has been proposed based on the evidence 
derived from studies of the Drosophila homeobox genes. The 
evidence for transcriptional regulation is, briefly, that all of the 
proteins encoded by homeobox genes thus far have been found in the 
cell nucleus; that there is a similarity in structure between the 
homeodomain (the polypeptide encoded by the homeobox) and known 
prokaryotic DNA-binding proteins; and finally, that the 
homeodomain binds specifically to certain DNA sequences in vitro. 
The review by Scott et al. (1989) of the structure and 
function of the homeodomain discusses this, and presents a 
comparison of the homeodomain sequences, a model of the 
homeodomian structure, and the DNA-binding studies. 
The distribution of homeodomain proteins is discussed in this 
thesis in Chapter 5, whilst the structural aspects are presented in 
Chapter 6. A discussion of the DNA-binding studies is given in 
Chapter 4. 
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1.2 The rough Gene and its Phenotype 
The rough mutation in Drosophila was first discovered by 
Muller in 1913 (Tomlinson et al.1988) and derives its name from 
the roughened appearance of the normally precise hexagonal array 
of ommatidia in the compound eyes of the mutant fly. 
Two groups have independently cloned and sequenced parts of 
the rough gene, almost simultaneously discovering that it contains 
a homeobox. 
The first group (Saint et al.1988) isolated the rough genomic 
fragment containing the homeobox from a Drosophila Canton-S 
chromosomal library by means of a DNA cross-hybridisation 
experiment with a 33-base oligodeoxynucleotide homologous to a 
consensus homeobox sequence. This fragment was sequenced 
extensively to show that the homeobox lay in an open reading frame 
of 333 base pairs (as shown in Figure 2.4a)). It was this fragment 
that was subsequently used for all of the expression work 
presented in this thesis. In situ DNA-mRNA hybridisation studies 
localised the expression of the rough gene to cells within, and 
posterior to, the morphogenetic furrow (the site of the primary 
pattern-forming events) in the developing retina, and also to a 
region of the brain in the third instar larva. 
Meanwhile, the other group (Tomlinson et al.1988a) 
succeeded in obtaining the rough gene by isolating the genomic 
region corresponding to a mutant rough allele . The equivalent 
genomic region from a Canton-S wild-type library was then 
isolated. Restriction fragments of the rough gene were 
subsequently used to screen an eye-imaginal disc cDNA library 
(that is DNA sequences derived from the messenger RNA present in 
this tissue), and two cDNAs for the rough gene were obtained and 
sequenced. It emerged that the homeobox lies in the second of the 
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Figure 1.1a}: The rough transcription unit <Tomlinson et 
al.1988} 
The rough transcription unit spans -4.3 kb and consists of 3 
exons and 2 introns. The homeobox is in exon 2 (cross-hatched box). 
The solid bars in exons 1 and 3 indicate opa-like repeats (residues 
116-138, and 322-338; discussed in section 4.1.4). The restriction 
enzyme sites shown are: S, Sal I (-53,2063); R, Rsa I (209); B, 8am 
HI (1170); N, Not I (1448); RI, Eco RI (3028); 82, Bg/11 (3549); Bl, 
Ba/ I (3993,4666). Distances are from the start of transcription . 
Figure 1.1 b}: Nucleotide sequence of the rough gene 
(Tomlinson et al.1988}. 
Nucleotide 1 marks the transcription start site. The exon-
intron boundaries are underlined. The conceptual translation of the 
350 amino acid rough protein is given in the one-letter amino acid 
code below codons.The homeodomain is underlined in exon 2 (Saint 
et al.(1988) show the homeodomain to start with Arg-190, and 
finish at Glu-250, whilst Tomlinson et al. show it starting at Gln-
191, and finishing at Lys-251 ). 
GTGGCACTTC,AGTCGCTCGCCGATTACCCAAGTGATTAGTTTGGACAGCTAACGCGGCAC 51 
1 
ATCCTCAAACGAAATGCAACGTCACAAAGTTGAGATTGGCTCACCCGACGGCTCGCCGGG 111 
M Q R H K V E I G S P D G S P G 16 
CATCAAAAGGAGTGACAGCTTAGATCCCATAGCGAACACTACGATTCTATCCGTGCCGCA 171 
I K R S D S T D P I A N T T I L S V p Q 36 
ACGTCCCTCGTCGCCGCGACAGTTTTTCGAACGTCTGTACGGGCATTTGGAAACGCGCTC 231 
R P S S P R Q F F E R L Y G H L E T R S 56 
CTCGGAAAATGGGGAAATCGACGTCGGAACACACGCCCACAAGCCGCCGCCCTGTGACAC 291 
,- S E N G E I D V G T H A H K P P P C D T 76 
z () GCCCTATCACAGCGATGGAGGAAGCGTCTCCCTCGCCAGACATTTCCATCAGCGATGAGC 351 
~ P Y H S D G G S V S S P D I S I S D E R 96 
GCACCTCGCTAGCCGCATATCCCGCCTACGATTTCTATGGTCACGCCAAGGACTATCCCC 411 
T S L A A Y P A Y D F Y G H A K D Y P Q 116 
AGCATCCTAGCCAGCAGCACCAGCAGCATCATCATCATCACCATCATCCGCCGCAGCTGG 471 
H P S D Q H Q Q H H H H H H H P P Q L V 136 
TGCACCAGAAACTCAGCTACGTGAGCCCGCCGCCAGCAATTGCCGCCGGTGGAGCTGCGA 531 
H Q K L S Y V S P P P A I A A G G A A N 156 
ATCCTGTCCTGCCACACGCATTCCCAGCCGGCTTCCCAAGTGACCCGCACTTCAGCGCCG 591 
P V L P H A F P A G F P S D P H F S A G 176 
GCTTTTCCGCATTTC.GI.GAGTACTTACATTTAAAAAAGAATGGTTTCTAACAATGTGTAG 651 
F S A F L 181 
AATATTTGCAAAGCTATAGAGAATCTTTAGAACTACGAAAATAACTTCTTCAGAACCTTA 711 
ACTCTTACATGTTTATTGTGAGGTTTCTTAGTTCTTACACACTAAGTACAAGAGTAAATT 771 
TGAGCTACTACGAATTTGGGTCCTAACTAGATATTTAGGTGAGCGGGGATTTGTACTACG 831 
GCGGGGGCGAGGATTTCTTTGGCTTTCCCTGCTTCCTGCTTTCTCCGCCGCCGCCTTCTC 891 
CTCCCGCTGCTTAGCCATCTGGCGCAGCTCCAGGCTGAGGAACATCTTCAGGTTCGGGTC 951 
GGTGATCTTGCTCAGCACAATCTCTCGCGCCTCCTCATCGTTGTCGCCCAGCAGCTTGGC 1011 
CAGCGTCTGTGCGTAGTCCAGCCAAACGCAGTTGGCGCAGCCCGACATGCAGCAGGTGGT 1071 
GGGCTCGGGAGGTATCTGCAAACGATTATATAATATGCAATCTCTTGAGCCACTTTCCTC 1131 
TTAGGCTACAAAGTTATTTCAGTATTGTGATAACAATTGGATCCTTCAATAATACTGATC 1191 
AATAGTTTTAGAAGTTCATAGAACTACACTAAGTTTTGTGTTACAATACTAGATCGATGA 1251 
TCCTTTCTTTCTAATGAACTACAATCTTACCAACTGATATTTGACCTATAATAGCAATGA 1311 
TAACAACTAGCTTACAACATTTACCTCTATGTTTCTGAGCCGCTTTCTTCCCTTGGTGGT 1371 
TTTATCTTTGGCTTTGGGAGTGTCAGTGCCCGTCGTTGTGCTATTGGGCGGACAGCCACT 1431 
,- TGCTGCCTCCTGGGCGGCCGCATCCTTGCTGCTGGCATCATCCTGGGAGCTGCTGCCCGA 1491 z () 
cc 
.,_ 
~ 
CAATTGGCGGGCCAGTGAGGCCCAACGCTCGGCGCCACGTCGCAGAAGCAAGCATCGCGG 1551 
ACAGCTGAAGCCCAGGGGAGCCAACATTTCCGCCCGATCCCCGAAAGAGTTCGAAAGTTA 1611 
CGATTGAAAAGGCCCAGAGGAAGTGATGAGCATTTCACACGCCTGCGCAGGTGCAGCCCA 1671 
GATGAACTTGGTTCCGCAGGAACTGCAAAAAAAAACTGATTAATCGTCAGTGCTGCCATA 1731 
TTGAATATCCCCCACATCTTCGCACCGAGTGCGCTGGCCAGGATTATGTAAAATCAGTTG 1791 
GGAAAAAATAAACGAAACTAAGGTGGGGCAACCAAGCAATGTCCACACAATGAGCTGCTG 1851 
CTGCTGCTGCTGCTGTGCTGCTGCTGACCCCCAAATGCAAAGAAATTAGCCAAGGAAAAA 1911 
AAATAACCGAATGCCAAGAAAAAATTAAAACGCATTGAGCCGTGAAAGTTTTCGTTTACT 1971 
TGCGGCTTTTTCGTTTGCTCCTGATGAGGTGGTCCAAGGTGGCCATGTGCGGAGATGAGG 2031 
TTGAGGGGATATTGAAACATGGAAATGCGTCGACTAATGAAAATGATCGCAGGTTAAGGG 2091 
GTGAATGGGTTAGCCATTCGTAAGCGAGAAATCAAAGTTAAAGGCACTTTGAAACATTTT 2151 
CTTCGAGCAGAAACGTATTCTACATATGCAAGCATTTTTTAGATTCAGAACAGTTGATAT 2211 
ATTCAATGCTAAACCAGCTGGATAGTTACTATAAGTACTTGATCTTTAAATTAACTAACT 2271 
TACAAGCCAAACTTTTGGTCAATCTAAAAAAATAACAAGTGCCTGAAAAAATTAGCATTG 2331 
N 
z 
0 )( 
w 
N 
z 
0 
a: 
t-
~ 
TAATTGAGCTCGGCAGGAAACCTAAAAAAGCAAACACAAACAGCAAGCGAGGAGGGTTAA 2391 
GCGAGGAAGACTCACTTTTAGCCACAACAAACCGTCCGAAAGGACACTTGGCTATCGAAT 2451 
TTCACACGTGATTTAAAAAAAAAAAAACCTTCGGCAAGGATCAGGGAAGAGCTTAAGCCC 2511 
CTTCAGAGCCATCCGGACTAGGGGTAATCAAGCAAAAGCTAGAGATTACAACGCCCACAA 2571 
AGCAACCCCTTCCCGGGGAAACAACCCTCCCCCCCCCCACCACCTAACACCACCGAGCAA 2631 
CTTGTCAGCTTCGCCTTGTTACATCAATTAGACTCTAAACCGCACCATTCACAATGGAGT 2691 
GGGTGTTTGTGGTGGGTGTTCCTGGGTGGCAGGTGCTCGTTGTTGCAGGATGAAGTGGGG 2751 
CATAATGTGCGCTTGGTTGAGCTTCATCGTCGGCGACACTGCGAATGCAAACAATCAAAC 2811 
GACAGAATGGAAAACTCGAAAGAGCGGATGATGCCGAGAATTTCGACGAGGATGATGATG 2871 
ATGATGATGATGGCCAGCCAGCTGTTGGCATTGTTATAAATTTCCCGGATCAGCATAGAT 2931 
TGCCGAAATGAAAAGCGTGGTAAAAAAAAAACATAGAGAACAGTAACTACGTGGTAAATG 2991 
CACTTCTAATGTGCACCACAAACGCGACCCACGACGAATTCTGGCAGGTGGGCGGGCGGA 3051 
GAGAGCGAGAGAGGGAGGACGACGGACGGACCACGGATCGGAGTGGTTAATTATTTGTTT 3111 
AACTGACGCAGCAACACGGCAACCACATTCGAAAACGTTTAGTCCCGCTCATAACTTGAT 3171 
GGTTTGTTAATGTAAGATTAATTTCGCTCTAACATCTCCATTGTGTTGGACATAAACGAA 3231 
AGTGGGTGGGCTGTGAAAAAATGATGCTATCCGACGGATGTCGTTATTGTACACACTGAA 3291 
TGGTGCGGGGTTTACATAACTAATAAGCTGATTCCAACTAGATATTATATACGTATTAAT 3351 
TGTAAGGATATCAATGTATTTGACTTTCAG_TGGCTCGCAGGCGACGCAAGGAGGGAAGAC 3411 
A R R R R K E G E 190 
AACGCCGCCAGAGGACCACTTTCAGCACAGAGCAGACGCTTCGCCTGGAGGTGGAGTTCC 3471 
Q E E Q E I I E ~ I E. Q I L E L E. Y E. E 210 
ATCGGAACGAGTACATCTCCAGGAGTCGTCGCTTCGAGCTGGCCGAAACGCTGCGTCTGA 3531 
H E N E. ~ ~ ~ B ~ B B E E. L A E. I L E L 230 
CCGAAACGCAAATCAAGATCTGGTTCCAGAATCGCAGGGCCAAGGACAAACGCATTGAAA 3591 
I E. I Q ~ K ~ 'ii E Q N E E A K r2 · K B ~ E. 250 
AGGCTCAGATCGATCAGCACTACAG.G.I.GGGTTTCCCCTTTAGCTAATTTGAATCGTTTTT 3651 
K A Q I D Q H Y R 259 
TCTGTTTCATATTTACAAAGATATCTTCGATTTTGATTGAGTTAAATAACATTAAATGAA 3711 
CATAAATTAAAGGTTGATGAATAGCTCGTGCAGAGGATTTTAACTGGTTATTTATACCTG 3771 
CATTTTCGAAACGGAAGTAATTTAGTGAAATGTCACTAGTTTAATTGATGGCCAACATAA 3831 
AATTAACACGAAATTAATTTTACGACATTTATGCGCACACAGACCCAATTAGACGATATC 3891 
ATTTTTTTCCATATTTTTGTTTTTTTTTTTTTGTGCCGGAGGGGGTTGCTCGAAATTATT 3951 
TTGTACATTGATGTAATCAATTTTTCAG_AAACTTTGTCGTGGCCAATGGTTTTATGAGCT 4011 
N F V V A N G F M S 269 
CTATAATGGGTCAGGCTGCCACGACCATGCCCCCCGGAGGCGTCACTGGGGGCGTGGCGG 4071 
S I M G Q A A T T M P P G G V T G G V A 289 
M TGGGCGTGGGCCTAAACTACTATGCCGCGGCAGCGACGCCGACAGCGCTGCCCAAGGATA 4131 
Z V G V G L N y y A A A A I P T A L P K D 309 
0 
~ ACACGCAGGATGCCAATTTCATCGACATCGATGACCAGTTCCAGCGCCAGCAACAACAAA 4191 
N T Q D A N F I D I D D Q F Q R Q Q Q Q 329 
AACAACAACAACAGCAGCAGCAGCAGCGACGTCGAGAAACAACAACGCCTATTAACATTT 4251 
K Q Q Q Q Q Q Q Q R R R E T T T P I N I 349 
GCTAATACTT 4261 
C * 350 
Figure 1.1 b}: Nucleotide sequence of the rough gene 
Details in Figure 1.1 a). 
three exons that comprise the gene, which together give a 1 .3 kb 
mRNA, encoding a predicted protein of 350 amino acids. The 
organisation and sequence of the rough transcription unit is shown 
in Figure 1 .1. 
Analysis of rough mutations shows that they disrupt an early 
stage in the ommatidial assembly of the developing eye imaginal 
disc (Tomlinson et al.1988a). Figure 1.2 presents a simplified 
summary of the stage at which the rough mutant results in the 
malformation of the ommatidia. 
The mature retina of the compound eye is made up on the 
surface of an array of approximately 800 twenty-cell units , called 
ommatidia. Each of the 20 cells in an ommatidium can be 
identified by its morphology and distinct position . The 
differentiation of the cells that comprise the ommatidium begins 
in the third instar larva in an initially unpatterned monolayer of 
epithelial cells called the eye imaginal disc. Ommatidial assembly 
does not occur synchronously throughout the disc but instead 
begins at the posterior edge and progresses anteriorly (Tomlinson 
et al.1988b). The first eight cells in each ommatidium to 
differentiate are the photoreceptor cells. Differentiation of these 
occurs in a fixed sequence, beginning with central R8 
photoreceptor and proceeding pairwise with R2 and RS, followed by 
R3 and R4, then R1 and R6, and finally, R7. It has been established 
that no lineage relationships exist between the photoreceptors 
cells, which indicates that their fate is determined by their 
environment. A model to explain these observations has been 
presented (Tomlinson and Ready 1987). This proposes a sequential 
series of cell inductions. Thus, as the R8 cell begins to 
differentiate, it expresses a signal which instructs only two of the 
cells in its immediate vicinity to become the R2 and RS 
photoreceptors. Subsequently, the R8, R2 and RS cells provide a 
signal which recruits two more cells to become R3 and R4. 
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Figure 1.2: Differentiation sequence of photoreceptors in the ommatidium of 
Drosophila melanoqaster <from Rubin <1989)). 
The individual stages displayed differ by approximately 3-4 hours of developmental 
time. The rough mutant causes ommatidial assembly to go wrong between the onset of 
differentiation of the R2/R5 and R3/R4 cells, whereas sevenless and boss cause a 
breakdown between the onset of differentiation of the R 1 /R6 and R7 cells. 
'---<'---7 ~ ___ l_ . - .l . ___ ( 
rough sevenless 
boss 
-----., 
I 
- ~ 
·1 
Similarly, the recruitment of the last three photoreceptors, R1, R6, 
and R7, would occur with two additional cycles of cell induction. 
Studies of the rough gene, and of the sevenless (sev) and 
bride of sevenless (boss) genes, tend to support this model. 
Mutations in each of these genes disrupt the ommatidial assembly 
at a discrete point: in rough mutants, the R8, R2 and RS cells 
differentiate normally, but R3 and R4 are not recruited correctly; 
whilst in both sevenless and boss, the final photoreceptor, R7, 
fails to differentiate (Rubin 1989). 
Analysis of somatic mosaics has shown that rough is 
required in the R2 and RS cells for development to proceed 
normally to the R3/R4 stage, whilst for the development of the R7 
cell, boss is required in the RS cell, and sevenless is required in 
the R7 cell itself (Rubin 1989) . 
The developing Drosophila eye provides a good system in 
which to study the molecular mechanisms of short-range inductive 
interactions at the level of individual cells. 
Thus, in addition to the initial interest shown in it as a 
homeobox gene when undertaking the study presented in this 
thesis, further studies of the rough gene and its protein may 
provide insights into developmental regulation in a model system. 
1 .3 Scope of Thesis 
The current work commenced with characterisation of a 
novel homeobox-containing open reading frame. As described 
above, the homebox region of the rough gene had been isolated from 
a genomic library using a probe for a homeobox (Saint et al.1988). 
At the time, it was not known whether this homeobox was a part of 
any known gene locus. Nothing other than the DNA sequence of the 
3.0 kb region containing the homeobox was known . From this 
sequence, it appeared that the homeobox lay within an open reading 
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frame of 333 base pairs encoding a maximum of 111 amino acids 
and delineated by two TGA stop codons. 
Although attempts were being made to isolate the cONA for 
this gene (Saint et al.1988), it was decided to concentrate this 
project upon the expression of the open reading frame bearing the 
homeobox region. 
This work was anticipated to develop in three main areas 
and, with differing emphasis, has developed as such. 
a.The first aspect of the project entailed using an approach 
which had been successfully utilised with other homeobox genes: 
the generation of polyclonal antibodies against a fusion protein 
bearing the rough homeodomain (roHO), and, in turn, carrying out 
immunohistochemical studies upon the life cycle of the insect to 
gain temporal and spatial information regarding the localised 
expression of the native Drosophila protein. The fusion protein was 
generated in a bacterial expression .. system (the pEX plasmid 
vectors , and E. co/J). It was partially purified and was used to raise 
polyclonal antibodies in rabbits. These antibodies were used in a 
series of experiments involving Western blotting, 
immunoprecipitation, and immunohistochemistry. These 
experiments are described in Chapter 5. 
b.The second aspect of the project involved expression of the 
homeobox region. The expression of any homeobox to give a 
polypeptide of a little larger that 60 amino acids had not 
previously been achieved. On the assumption that the resulting 
homeodomain polypeptide would fold stably to give a three-
dimensional structure akin to that adopted by it in the complete 
protein, it was hoped that the developing technique of two-
dimensional nuclear magnetic resonance spectroscopy (2-0 NMR), 
might be used to confirm its predicted structure (Scott et al.1989). 
The current limits to the size of a polypeptide from which useful 
spatial information may be derived by 2-0 NMR is estimated to be 
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around 90 amino acids, so the proposed homeodomain would be of 
an appropriate size. Indeed, such an approach might present the 
first structural information available about any homeodomain, and 
might confirm the existence of the proposed a-helix-~-turn-a-
helix-DNA-binding motif. 
In Chapter 2 are described experiments which led to the 
successful manipulation of the rough homeobox-encoding DNA, 
placing it into a plasmid vector under the control of a strong viral 
promoter of transcription and bacterial translation initiation 
signals. In Chapter 3, the successful expression of the rough 
homeodomain is described, together with strategies used to 
improve the production and purification of the protein . 
c. The final facet of the research described herein concerns 
the functional properties of the purified homeodomain polypeptide . 
The homeodomain has been proposed to include a DNA-binding motif 
similar to that in other proteins that act in developmental 
switches (Scott et al.1989). Although there may be many aspects 
to the timing and specificity of the genetic regulatory role that 
these proteins seem to display, the variable specificity and 
strength of binding of the homeodomain motif to DNA regions found 
at appropriate sites in the genome of the fly (especially in the 
promoter regions of genes) has been of especial interest. At the 
time this study was initiated, there had been some in vitro DNA-
binding studies reported using fusion proteins. Since then, there 
have been a number of accounts of work with entire proteins and 
with the isolated Antennapedia homeodomain. These have 
elucidated a number of binding sites present in the promoter 
regions of genes, and have given some indication of relative 
affinities of binding. 
In Chapter 4, the DNA-binding studies with the rough 
homeodomain and fusion proteins are discussed and considered in 
comparison with other such studies. 
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CHAPTER 2. 
Construction of the Homeobox Expression Vector. 
2 l lotroductjon 
ln this chapter are described the manipulations of the 
homeobox open reading frame that led to its correct insertion into 
a plasmid vector intended to optimise its expression. The vector 
system used was based on pCE30, a plasmid vector developed for 
the express purpose of maximising the expression of cloned E. coli 
genes (Elvin et al.1990). 
The ways in which this system seeks to achieve this goal are 
first considered below. In all living organisms , there are 
mechanisms which regulate and control the degree to which any 
gene is expressed at any one time. Such regulatory controls are 
essential to the healthy function of a living cell. The expression of 
cloned genes to produce high levels of specific proteins is not 
necessarily bound by such niceties , so all of the regulatory 
controls may be optimised despite deleterious effects on the host 
bacterium (Figure 2.1 ). 
The first of these regulatory controls is gene dosage. Most 
genes are found to occur just once in their native genome, i.e. there 
is just one gene copy per cell . The pCE30 plasmid, on the other 
hand , is derived from a high-copy-number plasmid vector , pUC9 
(Vieira and Messing 1982). Its derivatives should be present at 
around 500 copies per cell (Chambers et al.1988) , and with it a 
correspondingly high number of copies of any gene that it bears. 
The next factor to consider is the efficiency of transcription 
of the cloned gene (Figure 2.1). This seems mostly to be regulated 
by the efficiency with which RNA polymerase binds to and initiates 
transcription from the promoter region of the gene. This can be 
influenced by the presence of promoter-specific repressor (and 
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Figure 2,1 Levels of control of gene expression in E.coll, 
enhancer) proteins. 
Ideally, an E. coli promoter consists of two hexameric 
sequences, namely 5'-TTGACA at around 35, and 5'-TATAAT at 
around 10 bases before the start of mRNA transcription which, in 
turn, is usually at a 5'-CAT sequence (Figure 2.1). The -35 and -10 
sequences are the sites at which RNA polymerase binds. Variations 
in their spacing and sequence provide for a wide range of binding 
efficiencies. It is usually supposed that the nearer the promoter is 
to the ideal, the more efficient is messenger RNA production (i .e. 
the "stronger" is the promoter) . The plasmid system used here 
utilises two of the strongest-known promoters, arranged so as to 
operate in tandem (Figure 2.2) . These are the PR and PL promoters 
of bacteriophage lambda which are the major rightward and 
leftward promoters, respectively. Although there is little 
evidence that the tandem arrangement of promoters leads to more 
transcription than either operating separately, this arrangement 
has been retained for convenience (Figure 2.2). 
Both of these promoters can be repressed , preventing any 
transcription, by the presence of the lambda repressor protein 
(product of the cl gene). Its use in this system is discussed below. 
With a strong promoter that maximises mRNA production in 
place, a further step that may be manipulated is translation by 
ribosomes to produce protein (Figure 2.1 ). An important factor 
here is the extent of homology between the 3' end of the 16S-
ribosomal RNA and the 5' region of the mRNA just 5' to the start of 
the protein coding region. Again, it is generally assumed that the 
greater the homology, the more efficiently the mRNA will be bound 
to, and translated by, the ribosome. The 3' sequence (Shine and 
Dalgarno 1974) of E. coli 16S rRNA is 5'-GAUC[ACCUCCUUA]. The 
optimal binding sequence in mRNA then is presumed to be the 
complement. Research (Stormo 1986) suggests that the underlined 
region is the most important. The plasmids used here employ a 
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PR-35 
GGGAT AAA TA TCT AACACCG TGCGTGTTGA CTA TTTT ACC TCTGGCGGT,G 
PR -10 +
1
1 ~ 1 
ATAATGGTIG CATGTACTAA GGAGGTIGTA TGGAACAACG CATAACCCTG 
AAAGA TI A TG CAA TGCGCTI TGGGCAAACC AAGACAGCT A AAGATCTCTC 
ACCT A CC AAA CAA TGCCCCC CTGCAAAAAA T AAA TICA TA T AAAAAACA T 
PL -35 
ACAGATAACC ATCTGCGGTG ATAAATIATC TCTGGCGGTG TTGACATAAA 
PL -10 + 1 
I 
TACCACTGGC GGTGATACTG AGCACATCAG CAGGACGCAC TGACCACCAT 
..... ... ...... .. ........... _ .............. ................................ . 
Ou 
GAAGGTGACG CT CTI AAAAA TI AAGCCCTG AAGAAGGGCA GCA TICAAAG 
BamHI R.B.S. 
CAGAAGGCTI TGGGGTGTGT GAT ACGAAAC GAAGCA TIGG GATCCT AAGG 
< 9 b.p. > Nco I >> dnaA gene >> 
AGGTTIAAGA TCCATGGTGT CACTTTCGCT TTGGCAGCAG TGTCTTGCCC 
EcoRI 
GA TTGCAGGA TGAGTT ACCA GCCACAGAA T TCAGTA TGTG >> 
Figure 2.2 : Nucleotide sequence of the Promoter region 
and start of dnaA in pPT148. 
The PR and PL promoter regions of the A bacteriophage are 
shown. The -35 , -1 O, and transcription start sites (+1) are 
highlighted. The operator sites, OR1 and OL 1, are also shown ; these 
are the sites to which the 11. repressor protein binds when blocking 
transcription from the promoters. The ribosome binding site 
(R.B.S.), the ATG start codon , and the start of the dnaA gene 
sequence are shown, including the 8am HI, Ncol , and Eco RI sites 
utilised in the manipulation of the 5' end of the homeobox 
described in Section 2.2.1. The location of various sites in pPT148 , 
numbering from the deleted Eco RI site in pCE30 (see Figure 2.5) 
are: PR +1 (3663), PL +1 (3876) , dnaA start codon (4015) , and the 
Eco RI site in dnaA (4080) . 
sequence 5'-UAAGGAGGU to the bracketed region above (Figure 2.2). 
Other observations suggest that the best initiation codon is 
AUG (GUG is an alternative), that the optimal spacing between the 
ribosome-binding site (RBS) and this codon should between 5 and 
11 bases, and that this region should preferably be rich in A and U 
(Stormo 1986). Variations in the spacing and base composition 
again seem to result in variation in the efficiency of mRNA 
translation (Stormo 1986). Translation of the vector used here 
gives an AUG start codon and a spacing of 9 bp. Manipulations used 
in its construction have allowed 1 G and 2 C's to be included in the 
spacer region (Figure 2.2). 
Another consideration is the stability of the mRNA. 
Fortunately, it appears that the more the mRNA is translated, the 
more it is protected from ribonucleolytic digestion, the ribosome 
effectively blocking its degradation (Kennel 1986). Thus, 
optimisation of t_he RBS region probably enhances the stability of 
the mRNA. 
A problem which may now arise, given the strength of gene 
expression, is the detrimental effects upon the host cell. The 
production of the protein corresponding to the cloned gene may 
severely impair the normal function of the bacterial cell to the 
point of compromising its viability. If this happens from the 
moment the expression plasmid is introduced into the bacterium 
then it may prove difficult to generate enough bacterial cell mass 
from which to extract the expressed protein . The solution is to use 
an inducible system whereby expression may be controlled by some 
switch, applied at a stage of growth when there is sufficient cell 
mass to promise reasonable yields of the expressed gene product. 
The point at which the expression may best be regulated is at 
initiation of transcription. This requires the productive binding of 
RNA polymerase to the promoter region. The binding to the 
promoter region of another protein, a repressor, may effectively 
1 1 
block the binding of RNA polymerase, preventing any transcription . 
Repressor proteins are very specific in their recognition of 
promoters; the lac repressor for example binds only to the lac 
operator in proximity to the lac promoter. Repressor binding is 
also reversible. On induction, for example, by addition of an 
inducer, the repressor will quickly dissociate from the operator, 
allowing transcription to proceed. 
The 'A. PR and PL promoters used in the pCE30 expression 
system are both subject to repression by the 'A. repressor protein, 
the product of the phage c I gene. Studies of control of 
transcription for these promoters resulted in the isolation of a 
temperature-sensitive allele of cl, cl857 (Sussman and Jacob 
1962; Buell and Panayotatos 1986). At temperatures around 30°C 
the mutant repressor efficiently binds to the 'A. operators (Figure 
2.2), repressing transription from PR and PL. On raising the 
temperature to 42°C, the thermolabile repressor undergoes a 
change which results in its inactivation. Since, pCE30 also 
expresses the cl857gene, in transformed cells growing at 30°C, 
the PR PL promoters are repressed. A shift in temperature to 42°C 
results in initiation of transcription from the tandem promoters 
and subsequent gene expression. A similar strategy is used for 
control of expression in other systems, including the pEX vectors 
discussed in Chapter 5. A further consideration is the state of the 
protein produced. The stability and solubility of expressed 
polypeptides, especially those alien to the host cell, or different 
from their native form, or simply produced in abnormally large 
quantities, are discussed in Chapter 3. 
2.2.1 Cloning Strategies 
The cloning strategy used to generate the homeobox 
expression vector is outlined below and summarised in Figure 2.3. 
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Figure 2.3 Summary of plasmid constructions in Chapter 2. 
Details of experimental methods are given under Materials and 
Methods (Section 2.3). 
DNA corresponding to the rough homeobox open reading frame 
had been isolated from a library of Canton S (wildtype) Drosophila 
melanogaster genomic DNA using as a probe a synthetic 33-base 
oligonucleotide homologous to a consensus homeobox sequence 
(Saint et al.1988). 
The 3.0-kb DNA fragment bounded by EcoRI and Sal I sites had been 
inserted into pGem1 to give the plasmid, pGem1 -Dm-3-EcoR I-Sa/1-
3.0 (Saint et al.1988). The homeobox lies -400 bp from the EcoRI 
site, and mapping of restriction endonuclease sites suggested that 
the open reading frame could be isolated intact by use of a partial 
digest with restriction endonuclease, EcoRV (Figure 2.4). 
The resulting 527 bp fragment was isolated by adsorbing it 
from an agarose gel onto DEAE membrane (NA-45). It was then 
ligated with plasr:nid pGem2 that had been linearized with Sma I 
and 5'-dephosphorylated to give pGem2-EcoRV. The intention here 
was to provide additional flanking restriction endonuclease sites 
for the homeobox fragment to facilitate further steps. As shown in 
Figure 2.4, the Sma I site is in the middle of the polylinker of 
pGem2. Dephosphorylation of the Sma I-linearized pGem2 was used 
to minimise recircularization of the vector and hence, to improve 
the efficiency of the desired ligation . The ligation mixture was 
then used to transform competent E. coli cells (strain RR1 ). Since 
all of the plasmids used in this work bear the ~-lactamase (AmpR) 
gene, selection of plasmid-bearing transformants was by their 
resistance to the antibiotic, ampicillin (at SOµg/ml). Small-scale 
plasmid preparations of transformants were examined. Digestion 
with EcoRI showed the presence of the homebox fragment, and its 
orientation in the polylinker was determined following digestion 
with Bst N1 (Figure 2.4). 
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EcoRV 
TGTAAGGATATCAATGTATTTGACTTTCAGTGGCTCGCAGGCGACGCAAGGAGGGAAGAC 383 
* L S V A R R R R K E G E 12 
AvaII 
AACGCCGCCAGAGGACCACTTTCAGCACAGAGCAGACGCTTCGCCTGGAGGTGGAGTTCC 443 
Q E E Q E I I E ~ I E Q I L E L E Y E E 32 
ATCGGAACGAGTACATCTCCAGGAGTCGTCGCTTCGAGCTGGCCGAAACGCTGCGTCTGA 503 
H E N E ~ I ~ E ~ E E E E L A E I L E L 52 
BglII 
CCGAAACGCAAATCAAGATCTGGTTCCAGAATCGCAGGGCCAAGGACAAACGCATTGAAA 563 
I E I Q I K I ii E Q N E E A K Q K E I E 72 
AGGCTCAGATCGATCAGCACTACAGGT_GGGTTTCCCCTTTAGCTAATTTGAATCGTTTTT 623 
K A Q I D Q H Y R W V S P L A N L N R F 92 
Eco RV 
TCTGTTTCATATTTACAAAGATATCTTCGATTTTGATTGAGTTAAATAACATTAAATGAA 683 
P C F I F T K I S S I L I E L N N I K * 111 
CATAAATTAAAGGTTGATGAATAGCTCGTGCAGAGGATTTTAACTGGTTATTTATACCTG 743 
CATTTTCGAAACGGAAGTAATTTAGTGAAATGTCACTAGTTTAATTGATGGCCAACATAA 803 
Eco RV 
AATTAACACGAAATTAATTTTACGACATTTATGCGCACACAGACCCAATTAGACGATATC 863 
Figure 2.4a}: Nucleotide sequence of the homeobox open 
reading frame {Saint et al.1988}. 
The DNA sequence is numbered from the Eco RI site (which is 
3028 in the complete rough gene sequence shown in Figure 1.1 b). 
The open reading frame is 333 bp in length, and its conceptual 
translation is shown in the one-letter amino acid code. The 
residues comprising the homeodomain are underlined. Restriction 
enzyme sites used in the manipulation of this fragment in this 
chapter are indicated. The exon-intron splice sites at 352 and 589 
are underlined. 
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Eco Al digestion gave linear plasmid (3441 bp); 
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the orientation shown. The alternative orientation would 
give fragments of 2900,373, 121,35 bp. 
Figure 2.4b}: Restriction Map of Homeobox region and its insertion into pGem2 to give pGem2-EcoRV. 
The homeobox region was next inserted into the dnaA 
plasmid vector, pPT148. Further manipulations were by means of 
selective opening of the plasmid around the homeobox, followed by 
removal of unwanted segments by digestion with a double-stranded 
exonuclease, and recircularization of the plasmid. 
Plasm.id pPT148 (a gift from Mr P.R.Thompson) was derived 
from the vector pCE30. Its derivation and structure are 
summarised in Figure 2.5. Whilst pCE30 brings together the PR PL 
tandem promoters and the cl85 7 repressor gene on a high- copy-
number plasmid, pPT148 additionally carries an optimised 
ribosome-binding site and spacing from the ATG start codon which 
is in turn part of an Ncol site (5'-CCATGG). It also carries the gene 
for the E.coli DNA replication protein, dnaA, and upon induction by 
temperature shift directs high-level overproduction of the dnaA 
protein levels to about 10% of total cell protein (P.R.Thompson, 
unpublished observations). 
The intention was to substitute the homeobox open reading 
frame for the dnaA gene, using the ATG of the engineered dnaA 
gene as the start codon for the homeodomain. To achieve this, the 
homeobox fragment was first inserted between the EcoRI and Nrul 
sites of pPT148 (see Figure 2.6). 
pGem2-EcoRV was digested at the EcoRI and Hincfll sites, on 
either side of the homeobox - the resulting 558 bp fragment was 
isolated from an agarose gel. pPT148 was digested with EcoRI and 
Nru I; the larger 4.4-kb DNA fragment was isolated (Figure 2.6). 
Ligation of these two fragments should produce only 
plasmids with the homeobox in the required orientation, since the 
5'-overhanging EcoRI ends should ligate and Hincfd and Nrul both 
have blunt ends. 
The presence of single inserts in the plasmids selected in 
E.coli strain AN1459 was shown by digestion of plasmid 
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preparations with BamHI and EcoRI. 
The next step required the removal of the second Ncol site , 
downstream of the homeobox (Figure 2.6), since the linearization 
at the other Ncol site incorporating the ATG start codon was vital 
to the generation of the desired 5' end for the homeobox. 
This was accomplished by a partial digestion of the pPT148-
EHII plasmid with Ncol. Linearized full-length plasmid DNA was 
isolated and then end-filled using the large fragment of DNA 
polymerase I in the presence of deoxynucleoside triphosphates, the 
resulting blunt-ended plasmids were then recircularized. The 
recognition sequence for one of the Ncol sites was thus destroyed. 
To determine which products contained the required Ncol site, 
plasmid preparations were digested with Ncol and EcoRI, and Ncol 
and EcoRV (Figure 2.6). 
The product plasmid, pJG(1 ) , was prepared in large quantity 
and purified by centrifugation to equilibrium in a CsCI gradient in 
the presence of ethidium bromide to give 250µg of the plasmid DNA 
with which to conduct the following manipulations. 
The next steps, involving engineering of both the 5' and the 3' 
ends of the homeobox were carried out separately, the two ends 
being reconnected later to give the final plasmid. 
The rough cDNA had been isolated and its nucleotide sequence 
determined (Tomlinson et al.1988a). The protein coding region was 
shown to start 9 bp after the 5'-TGA, and to end 90 bp before the 
3'-TGA (56 bp before the EcoRV site) . 
2.2.2 Engineering of the 5'-end (Figure 2.7) 
The strategy here was to abut the ATG start codon of dnaA to 
the open reading frame of the homeobox. To achieve this, the 
exonuclease Bal31 was used to remove nucleotides in both 
directions from the EcoRI site of pJG(1 ), towards the 5' splice site 
of the homeobox in one direction and towards the start codon in the 
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other. Subsequent digestion with Ncol removed any remaining 
dnaA sequence and, following end-filling, recircularization of the 
plasmid gave products including some with the start codon now 
fused in-frame just upstream of the homeobox sequence. 
The sequence of pJG(1) (Figure 2. 7) indicates distances of 38 
bp from the EcoRI site to the splice site and 62 bp to the start of 
the homeobox in one direction, and 60 bp to the ATG start codon in 
the other. pJG(1) was linearized with EcoRI. To assess the rate of 
Ba/31 digestion upon this DNA, a trial digest was conducted on a 
sample, aliquots of the reaction being removed and the digest 
stopped at a range of time points. Under the conditions used, Ba/31 
removed approximately 35 base pairs from each end per minute. A 
larger-scale reaction was carried out with a spread of reaction 
times which would result in removal of between 30 and 60 base 
pairs from each end. The Ba/31-digested fragments were extracted 
with phenol/chlor_oform and precipitared with ethanol. Treatment 
with Ncol was used to remove any of the remaining dnaA gene. 
Following end-filling with DNA polymerase I, the plasmids were 
religated. AmpR transformants were selected in E.coli AN1459 at 
3o 0c. 
Transformants were initially checked for temperature 
sensitivity. It was not known whether the expression of the 
homeobox at 42°C would inhibit bacterial growth but, since 
overproduction of other proteins in this vector often did, it was 
thought that this might aid selection of transformants with in-
frame fusions. 
Plasmid DNA was isolated from 48 transformants including 
some that were temperature sensitive. This plasmid DNA was 
screened by digestion with 8am HI and Haelll. The resulting 
fragments that contained 8am HI ends were radioactively labelled 
by end-filling the overhanging BamHI site with DNA polymerase I 
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and [a- 32P]dATP and were separated by electrophoresis on thin 
acrylamide gels. Sizes were determined by reference to similarly 
labelled size standards (Sau3A digest of pCE30) (Figure 2.7). 
Several plasmids gave labelled fragments between 130 and 150 bp. 
Their nucleotide sequences were determined by the method of 
Sanger et al.(1982) using NaOH-denatured plasmid DNA as 
template, primer 1 of Elvin et al.(1990) , and [a- 32P]dATP. 
Denaturation of the double-stranded plasmid gave single-stranded 
DNA to which a primer oligonucleotide could be annealed (the 
primer site shown in Figure 2.7 is upstream of the RBS, and directs 
synthesis over the start codon and succeeding sequence). The 
dideoxy chain termination sequencing reaction then proceeded with 
the large fragment of DNA polymerase I synthesising a new DNA 
strand from the primer site , incorporating [a- 32P]dATP. Reactions 
were terminated by substitution of one of the four dNTP's with a 
ddNTP. The reaction mixture was denatured and electrophoresed 
through an 8M urea/5% polyacrylamide gel. The dried gel was 
autoradiographed and gave the sequence of each plasmid in the 
region of the start codon. 
It emerged from this screening that only transformants 
containing plasmids with in-frame fusions were temperature 
sensitive for growth at 42°C. Three plasmids which met the 
required aims, namely pJG(1 )13, pJG(1)10 and pJG(1 )C11, were 
fully characterized. All three had the ATG start codon fused in-
frame to the coding region between the splice site and the start of 
the homeobox. These sequences are given in Figure 2.8. Note that in 
pJG(1 )C11 the Ncol site at the start codon was regenerated, which 
may be of use in future sub-cloning into other vectors . 
2.2 3 Engineering of the 3' End (Figure 2 7). 
In an analogous manner, 8af31 was used to remove 
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nucleotides between the EcoRV site and the 3' splice site for the 
exon. In addition, a synthetic oligonucleotide carrying a 
termination codon was introduced to terminate translation of the 
sequence to be expressed. 
Figure 2.7 indicates 56 bp of DNA between the EcoRV site 
and the splice site, and 83 bp to the end of the homeobox. Plasmid 
pJG(1) was digested with EcoRV. A trial Ba/31 digest gave a rate 
of 23 base pairs per end per minute. The scaled-up digest was 
designed to remove from 50 to 80 bp from each end. 
The Ba/31-digested fragments were then digested with the 
restriction endonuclease, Smal, to remove DNA foreign to the 
vector pCE30, and to facilitate sequence determination using the 
M13 universal primer as described (Elvin et al.1990) (Figure 2.7). 
The fragments were now end-filled to ensure the remaining Ba/31-
digested end was blunt. Before reclosing the plasmid, a 12-mer 
oligonucleotide be?ring the TAG stop codon and EcoRI site was 
introduced. This ligation entailed mixing the plasmid with around 
100-fold molar excess oligonucleotide linker in the presence of 
ligase. Use of unphosphorylated linker ensured insertion of a 
single copy of it between the blunt ends. Heating of the mixture to 
65°C to remove unligated annealed linker followed by slow cooling 
permitted renaturation of the overhanging 12-mer strands of the 
linker and recircularization of the plasmid. 
This mixture was then used to transform AN1459, with 
selection for AmpA. Transformants were screened for an in-frame 
termination codon in the desired region. This was carried out by 
digestion of plasmid isolated from 12 transformants, followed by 
end-labelling of the fragments. These were electrophoresed, with 
standards, through a 5% polyacrylamide gel. The autoradiogram 
was scrutinised for appropriately-sized fragments (between 204 
and 231 bp, Figure 2.7). Nucleotide sequencing reactions were 
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carried out as above, using the M13 universal primer with 
termination only by ddA TP. The A-track was then matched against 
the known sequence; this allows more plasmids to be screened 
more rapidly than does full sequencing of each. From a combination 
of these two methods, two promising plasmids were identified, and 
their sequences were determined as above. One of them, pJG-
RV(1 )2, was found to have an in-frame termination codon 12 bp 
downstream of the end of the homeobox and 15 bp upstream of the 
splice site. 
2.2.4 Uniting the 5'- and 3'- Ends. (Figure 2.8}. 
With plasmids bearing the appropriately engineered 5' and 3' 
ends, it was necessary to bring them together to give the final 
product. 
Initially, it h?d been intended to digest at the Bg/11 site in 
the middle of the homeobox together with the one in the vector to 
produce two easily-ligatable fragments. However, sequencing 
demonstrated that pJG-RV(1 )2 contained a new Bg/11 site, created 
at the juncture of the 3'-end with the stop codon. Thus, the entire 
3' end was lost as a 55 bp fragment by Bg/11 digestion. Since the 
small size of this fragment made it difficult to monitor a partial 
digestion, Ava II digestion was chosen as the next best alternative. 
There was one Avail site in the homeobox, and two well-spaced 
sites in the vector region (Figure 2.8). 
The 1.4 kb fragment from a partial Avail-digest of pJG-
RV(1 )2 was purified from an agarose gel and ligated with the 2.8 
kb fragment from the Aval I digestion of the 5'-ATG-engineered 
plasmids. Plasmids in transformants were checked for 232 bp 
fragments following digestion with BamHI and EcoRI and end-
labelling. Complete nucleotide sequence of the homeobox insert in 
6 of these was determined (see photograph of pJG(2) sequence in 
19 
BglII 
3742 BamHI 
3993 Avafl 
4045 
BglII 
4171 
Avall digestion 
5' plasmid 
pJG(1)10 
(4927 b.p.) 
Avall 
1022 
Smal 
4919 
Avail 
1244 
Avall 
1022 
Avall partial 
digestion 
~ion 
BglII 
3742 
BamHI EcoRI A vaII 
3993 4080 4164 
'-.'-r-BglII /TAG 
4339 
3' plasmi.d 
pJG-RV(1 )2 
(4362 b.p.) 
Avall 
Avall 1022 
1244 5'+3' plasmid 
pJG(2) 
(1)10 + RV(1)2 
(4242 b.p.) { 
pJG(1 )C11 
pJG(3) + 
pJG-RV(1)2 
---------~ ~ -----------------
------------------- Avail --------
---------------------------- 4045 -----------
: 3993 ri_bo~ome. pJG(1)13 pJG(1)10 pJG(1)C11 homeobox start 4045(pJG(2)) ---------------
' 1 bmdm_g Site 1 1 1 1 , cill'~l : GGATCCT AAGGAGGTITAAGATCC ATG lAGG CGA,CGC AAG GAG GG AGA CAA CGC CGC CAG ACC ACT TIC AGC ACA BamHI met arg arg arg lys glu gly . arg gin arg arg gin arg thr thr phe ser thr 
GAG CAG ACG en CGC CTG GAG GTG GAG TIC CAT CGG AAC GAG TAC ATC TCC AGG AGT CGT CGC TIC GAG CTG GCC 
glu gin thr leu arg leu glu val glu phe his arg asn glu tyr ile ser arg ser arg arg phe glu leu ala 
BglII 
GAA ACG CTG CGT CTG ACC GAA ACG CAA ATC AAG ATC TGG TIC CAG AAT CGC AGG GCC AAG GAC AAA CGC ~ TI GAAi 
glu thr leu arg leu thr glu thr gln ile lys ile trp phe gin asn arg arg ala lys asp lys arg 1le glu 
BglTI 
AAG GCT CAG ~TC TAG GAATTCCTA homeobox end 
lys ala gin 1le t stop I EcoRI 
pJG-RV(1 )2 4225(pJG(2)) Figure 2.8 : Uniting the 5' and 3' ends. Sequence of the final constructs. 
Figure 2.9: Autoradiogram showing the nucleotide 
sequence of the rough homeobox region within pJGl2}. 
The plasmid was sequenced using the method described in 
Section 2.3.12. It should be read, 5' to 3', from bottom to top, left 
to right. The DNA sequence and the homeodomain construct it is 
predicted to encode are given in Figures 2.8 and 3.1. 
The highlighted regions are as follows (the numbering 
indicates the distance from the deleted Eco RI site of pPT148 (see 
Figure 2.5)): 
1: TAAGGAGG - the ribosome binding site (3997). 
2: ATG - the start codon of the pJG(2)rough 
homeodomain protein (4015). 
3: AGA - the first codon of the homeodomain (4030). 
4: GGACC - Aval I site (4046). 
5: AGATCT - Bgnl site (4169). 
6: GAA - the last codon of the homeodomain (4207). 
7: AGATCT - Bgnl site (4216). 
8: TAG - the stop codon of the pJG(2) rough 
homeodomain protein (4221 ). 
9: GAATTC - Eco RI site (4224). 
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Figure 2.9). Two plasmids were thus obtained, pJG(2), representing 
the joining of pJG-(1)10(4) and pJG-RV(l)2, and pJG(3), in which 
pJG-(1 )C11 was united to pJG-RV(1 )2. 
Expression of the homeodomain polypeptide directed by these 
plasmids is described in Chapter 3. 
2 3 Materials and Methods 
Most of the following methods are fairly standard and may be 
found in such books of Molecular Biology techniques as Maniatis et 
al.(1982), Berger and Kimmel (1987), and Dillon et al.(1985). 
2.3.1 Restriction Endonuclease Digests 
DNA was mixed with a restriction endonuclease in an 
appropriate buffer, and incubated at the relevant temperature. 
-Most of the restriction endonucleases used in this work were 
supplied by Boehringer Mannheim Biochemicals and more complete 
details of their activity, digestion buffers and conditions are given 
in the relevant sales catalogue. 
A double digest simply entailed mixing the DNA with two 
restriction endonucleases in a buffer which permitted both 
enzymes to operate effectively (e.g . a 50:50 mixture of their 
individual buffers). 
A partial digest required the use of conditions which resulted 
in an incomplete digest of the available enzyme sites in the DNA 
population, e.g. less than the optimal amount of enzyme and a 
shorter incubation time. The reaction was stopped by placing the 
reaction vessel on dry ice . 
2.2.2 Aqarose Gel Analysis of DNA 
A hot solution of agarose (usually in the range 0.7 to 1.5%) was 
made up in running buffer (TBE = 90mM Tris, 90mM borate, 2.SmM 
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EDTA) and then poured into a perspex mould to set. A comb was 
placed at the cathode end to introduce a given number of slots in 
the gel for loading DNA samples, and the solution left to set. 
The mould doubled as an electrophoresis chamber; enough 
running buffer was added to cover the gel and the electrodes, the 
comb was the_n removed and DNA samples were loaded into the 
slots. DNA samples usually had at least a 1/10th volume of a 
bromophenol blue-glycerol solution (0.2% bromophenol blue (w/v), 
50% glycerol (v/v)) added to them prior to loading to act as a dye 
marker, to assess the course of electrophoresis. Electrophoresis 
was commenced by applying a voltage (up to around 100 volts) 
across the electrodes. The negatively-charged DNA particles 
migrated towards the anode. 
A molecular weight standard was usually included in one slot. 
This was A DNA digested with the restriction enzyme, Hino'III, to 
generate the fragments 23,130 / 9,416 / 6,682 I 4,361 / 2,322 / 
2,027 I 565 and 125 base pairs. 
DNA fragments were visualised using a UV-fluorescing dye, 
ethidium bromide (EtBr), which binds to the DNA molecule. EtBr (at 
0.5 µg/ml) was usually added to the gel solution and the running 
buffer. The DNA-EtBr complexes were visualised by using an 
ultraviolet source, usually by laying the gel on a transilluminator, 
which provides an even U.V. source from below, and the gel was 
photographed with a polaroid camera bearing a red filter. 
Materials 
Agarose (BioRad): T.B.E. running buffer: 10 x's solution=108 
g Tris, 56g Boric Acid, 9.4g EDTA per litre; Polaroid MP4 Land 
Camera; Polaroid film Type 57-3000 ASA; Red filter: Kodak 
Wratten Gelatin filter. 
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2.3.3 Isolation of DNA bands from Aqarose Gels using NA-45 Paper 
(PEAE Membrane) 
The DNA sample was electrophoresed through an agarose gel. 
DNA bands were visualised and those of interest identified. An 
appropriately sized piece of NA-45 paper (Schliecher and Schuell) 
was soaked in buffer and placed against the gel slice containing 
the DNA band. When the current was re-applied , the DNA migrated 
onto the paper to which it adhered. DNA was eluted off the NA-45 
paper by immersing it in elution buffer (1 M NaCl, 50mM Arginine) 
and heating it at 65°C for > 1 hour. The paper was then removed, 
and the DNA precipitated from the solution by adding two volumes 
of ethanol and freezing in dry ice. The tube was then spun at high 
speed for 10 minutes at 4°C and the resulting supernatant removed . 
The pellet was rinsed with 70% ethanol, dried under vacuum and 
resuspended in a small quantity of TE (1 OmM Tris (pH usually 
7.5),1 mM EDTA). 
2.3.4 Phosphatasing DNA. 
The terminal phosphate group of plasmid DNA was removed 
to prevent its recircularisation during ligation reactions, involving 
the addition of non-phosphorylated DNA fragments. A typical 
reaction was :-10µ1 Smal-cut pGem2 + 10µ1 10 x CIP buffer+ 79µ1 
H2o +1µ1 calf intestinal phosphatase. Incubated at 37°C for 30 
minutes, then at 55°C for 15 minutes . 12µ1 10 x STE and 5µ1 10% 
SOS was added and the mixture incubated at 70°C for 10 minutes to 
inactivate the phosphatase. The solution was deproteinized by 
Phenol/Chloroform extraction . This entailed mixing it with 1 
volume of phenol and leaving it for 5 minutes before 
. centrifugation. The upper aqueous layer was then removed and 
mixed with 1 volume of phenol/chloroform and centrifuged. 
Finally, the aqueous layer was mixed with 1 volume of chloroform 
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and centrifuged. 
The DNA was then precipitated from the aqueous layer by 
addition of a 1/10th volume of 3M sodium acetate, 2 volumes of 
ethanol, and by freezing the solution at -20°C for at least half an 
hour. The eppendorf tube was then centrifuged for 1 O minutes, at 
4°C, and the pellet washed carefully with 70% ethanol, dried in 
vacuo and res·uspended in 20µ1 TE. 
Materials 
Calf intestinal alkaline phosphatase (Pharmacia); 1 O x CIP buffer: 
0.5M Tris pH 9.0, 10mM MgCl2, 1mM ZnCl2 , 10mM spermidine; 
10 x STE buffer: 1 OOmM Tris pH8.0, 1 M NaCl, 1 OmM EDTA; 
10% SOS = 10% sodium dodecyl sulphate; Phenol solution: 
crystalline phenol and equilibrated with TE until saturated, 0.1 % 8-
hydroxyquinoline is added to prevent oxidation; Phenol/chloroform 
solution: phenol solution mixed with chloroform and isoamyl 
alcohol in the volume ratio 24 : 24 : 1. 
2.3.5 Ligation. 
Here, the matching ends (blunt, or homolgous overhangs from 
a restriction endonuclease digestion) of DNA fragments were 
covalently joined by the ligase enzyme. A typical blunt-end 
ligation: 5µ1 EcoRV-cut insert (500 bp, 0.2µg) + 1 µI pGem2, Smal -
cut and phosphatased (3 kb, 1 µg) + 1 µI 10 x blunt ligation buffer + 
1 µI T4 DNA ligase + 2µ1 water. Incubated at 14°C overnight. 
Homologous ends: 2µ1 EcoRI / Nrul digested pPT148 (6 kb, 0.3µg) + 
2µ1 EcoRI /Hindll digested insert (550 bp,0.3µg) + 1µ1 10 x T4 
buffer + 1 µI T4 DNA ligase + 4µ1 water. Incubate at 30°C for 2 
hours. 
Materials 
T4 DNA ligase (1 unit/µI) BRESA; 10 x blunt ligation buffer: 250mM 
Tris pH 7.5, 50mM MgCl2, 25% (w/v) Polyethylene glycol 8000, 5mM 
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OTT, 4mM ATP; 10 x T4 ligation buffer: 250mM Tris pH 7.5,100mM 
MgCl2 , 100mM OTT, 4mM ATP. 
2.3.6 Transformation of E.coli cells. 
Plasmid DNA was introduced into E.coli cells by making the 
cells "competent" before adding the DNA. Preparation of 
competent cells: 1. 5ml LB culture of AN1459 was grown 
overnight at 37°C; 2. this was made up to 50ml and grown for a 
further 1-2 hours at 37°C; 3. the exponential phase cells were 
chilled for 20 minutes at 4°C; 4. they were centrifuged 6000g at 
4°C; 5. the cell pellet was resuspended in 10ml 0.1 M MgCl2 to wash 
them, and then re-centrifuged; 6. the pellet was resuspended in 
10ml 0.1 M CaCl2 and left for > 1 hour at 4°C; 7. this was re-
centrifuged, and the pellet resuspended in 5ml 0.1 M CaCl2 /15% 
glycerol. Aliquots c6uld be used immediately for transformation or 
stored indefinitely at -70°C and thawed at 4°C as needed. 
Transformation of competent cells: 1. 200µ1 aliquot of 
competent AN1459 cells was mixed with the relevant DNA solution 
at 4°C; 2. after 20 minutes, the aliquots were heat-shocked in a 
waterbath at 30 or 37°C for 2 minutes; 3. 1 ml of LB was added and 
the cells were left for a further 15 minutes; 4. the cells were spun 
down and resuspended in a small volume of LB. This was then 
placed as a drop on an LB Amp plate and spread using a bent glass 
rod.; 5. the plate was incubated overnight at 30 or 37°C. 
Materials 
E.co/istrains: AN1459 = ilvC thr /eu sr/::Tn10 recA (lab stock); 
RR1 = F- hsdS20 proA lacY ga/K rpsSL20 xy/15 mt/1 supE44 
(Maniatis et al.1982).;, Luria-Bertani broth (LB): 1 Og tryptone, 5g 
yeast extract, 5g NaCl, 2.5ml NaOH (1 M) per litre. For agar plates, 
15g agar was added per litre LB. 2ml Ampicillin solution 
(25mg/ml) was added per litre for LB-Amp. 
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2.3.7 Screening of Transformants 
Transformants with plasmids bearing the ~-lactamase 
(AmpA) gene were screened by growth on nutrient agar plates with 
ampicillin. Temperature-inducible plasmid expression vectors 
were screened for poor growth at 42°C as an indication of plasmids 
expressing a cloned gene. Final screening entailed selecting a 
dozen or so crones and making preparations of their plasm id DNA. 
2.3 .8 Plasmid Preparations. 
A number of methods were used for the preparation of 
plasmid DNA according to the quantity and purity required . 
Size Check: For a quick check of changes in the plasmid size due to 
th e addition of an insert, a small sample of the bacterial clone was 
lysed with SOS and loaded fairly directly onto an agarose gel - th is 
gives a quick assessment of the size of the plasmid relative to a 
control , i.e. bigger/smaller/same : Transformants were toothpicked 
to another petri dish , and the remainder removed to an eppendorf 
tube with 25µ1 of cracking buffer (50mM NaOH; 0.5% SOS; 5mM 
EOTA) and heated at 70°C for 30 minutes; 3µ1 of 25% sucrose ; 
50mM Tris (pH8) ; 50mMEOTA, and 3µ1 bromophenol blue/g lycerol 
loading buffer were then added; The extract was electrophoresed 
on an agarose gel slots , with undigested plasmid DNA controls . 
Rapid lysate I Miniprep : This method usually gave a few µg of DNA 
wh ich could be digested to look for fragments : 1. clones were 
streaked out on 6-sector plates , and grown up overnight at 30 or 
37°C. The grown cells were scraped off the agar surface and 
resuspended in 200µ1 of lysozyme solution (50mM glucose ;1 OmM 
EOTA; 25mM Tris pH 8.0; 1 mg/ml lysozyme) . Incubated for 5 
minutes on ice then 0.4ml of NaOH-SDS solution was added (0 .2M 
NaOH; 1 % SOS) and tubes were mixed by inversion . Incubated for 5 
minutes on ice then 0.3ml KOAc solution (3M potassium acetate; 
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28.5% (v/v) glacial acetic acid) added. The mixture was frozen on 
dry ice, thawed at room temperature and centrifuged for 1 o 
minutes at top speed in the bench microfuge. 0.75ml of the 
supernatant was removed and 0.45ml isopropanol mixed with it at 
room temperature for 20 minutes to precipitate DNA. Th is was 
centrifuged for 10 minutes and the pellet was washed carefully 
with 1 ml 70% ·ethanol, dried by vacuum and resuspended in 50µ1 TE 
+ 20 µg/µI RNase A. This was incubated for 15 minutes at 37°C and 
15 minutes at 70°C. 5µ1 of this solution was usually enough for one 
lane on an agarose gel. However, it was often necessary to 
phenol/chloroform extract the solution in order to obtain DNA 
clean enough for restriction enzyme digests. 
Midi-prep · This method gave around 1 OOµg of plasmid DNA, pure 
enough for enzyme digests and plasmid sequencing: A 40ml 
overnight culture of the clone was grown up, and the cells were 
centrifuged at 6000g for 5 minutes at 4°C, and resuspended in 1 ml 
of 25mM Tris pH8.0, 1 OmM EDTA. 2ml of 0.2M NaOH/1 % SOS solution 
was added , mixed and left on ice for 5 minutes. 1.5ml of the KOAc 
solution (3M KOAc; 28.5% (v/v) glacial acetic acid) was then added 
and left for 1 O minutes on ice. This was centrifuged at 15,000g for 
15 minutes at 4°C , and the supernatant was removed carefully and 
mixed with 50µ1 of a 1 Omg/ml RNase A solution and 20 µI 
1 Omg/ml Proteinase K at 37°C for 1 hour. 2 volumes of ethanol 
were added, and the solution frozen at -20°C, then centrifuged at 
15,000g for 15 minutes at 4°C . The DNA pellet was resuspended in 
500µ1 TE(7 .5) and then extracted with Phenol/Chloroform, before 
ethanol precipitation of the plasmid DNA. The DNA pellet was 
resuspended in 100µ1 TE (7.5). 
Caesium Chloride Preparations : This method gave DNA of very high 
purity: 1. 50ml overnight culture of the clone in LB Amp; 2. added to 
1 litre of LB Amp and grown for a further 2 hours at 30 or 37°C or 
26 
until the optical density at 595 n.m. (A59snm) was >0.5; 3. added 
300m.g. of spectinomycin powder and left shaking overnight; 4. 
cells centrifuged at 5000g for 10 minutes at 4°C; 5. resuspended in 
6.6ml 25% sucrose; 50mMTris pH8; 50mM EDTA. Added 2ml 
10mg/ml lysozyme in Tris pH8; 6. added 13ml 1% Triton X-100; 
250mM EDTA; SOmM Tris pH8. Mixed for 15 minutes on ice; 7. 
centrifuged at 5000g for 30 minutes at 4°C; 8. the supernatant was 
mixed with 2ml of 1 % ethidium bromide solution and 0.975g of 
caesium chloride per ml was added to give a density of around 
1.6g/ml; 9. the solution was divided into heat-sealable 5ml 
tubes for the Vti65 Beckman rotor. These were sealed and spun in 
the rotor and ultracentrifuged at 150,000g at 15°C for >6 hours. 
The gradient takes around 5 hours to form in the vertical rotor; 
10. tubes were removed and the DNA bands were visualised in the 
gradient with UV. The lower band is the plasmid DNA and it was 
removed using a hypodermic syringe; 11. the DNA solution was 
extracted several times with an equal volume of sodium chloride-
saturated isopropanol until the ethidium bromide had been 
removed; 12. 2 volumes of water and 6 volumes of ethanol was then 
added to the DNA solution and this was placed at -20°C overnight; 
13. the DNA precipitatewas obtained by centrifuging at 1 O,OOOg for 
30 minutes at 4°C, dried by vacuum, and resuspended in 1 ml TE 
(pH7.5). 
2.3.9 Ba/31 Digestion. 
The exonuclease Ba/31 chews away both 5' and 3' strands of 
linear DNA from each end. A trial digest of any given linear DNA 
fragment gave a measure of the rate of digestion and allowed the 
desired conditions to be set. A typical Ba/31 digestion was: 5µ1 
EcoRl-digested pJG(1) (3µg, 6 kb) + 20µ1 2x Ba/31 buffer (1.2M 
NaCl, 40mM Tris pH 8, 25mM CaCl2, 25mM MgCl2 , 2mM EDTA) + 
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1 5µ1 water + 0.5µ1 Ba/31 (0.5 units; Boehringer Mannheim). This 
was incubated at 20°C and 7µ1 aliquots were removed at 3 minute 
time points. The reaction was halted by addition of 1 OµI 0.2M 
EDTA and placing on ice. Samples were run on an agarose gel 
against Mwt. standards. When a reaction rate had been determined, 
the reaction was scaled up, and conditions set to remove the 
appropriate number of base pairs from the DNA. 
2.3.1 O Kienow End-Filling of DNA 
The Kienow enzyme (or large fragment DNA polymerase1) 
fills in 5' overhangs of DNA with the appropriate homologous 
nucleotides. For example: 42µ1 Neal-digested pJG(1) (20µg) + 
5µ1 10 x NT buffer (50mM MgCl2, 50mM Tris 7.5) + 2µ1 dNTP 
mixture (200 µM of each of the unlabelled deoxyribonucleotide 
triphosphates) + 1 µI Kienow enzyme (2 units; Boehringer 
Mannheim). Incubated at 30°C for >30 minutes. The DNA was 
subsequently cleaned up by Phenol/CHCl3 extraction and ethanol 
precipitation, and resuspended in 50µ1 TE. 
2 3 11 Radioactive End-Labelling of DNA fragments, 
The DNA was digested with a restriction enzyme, e.g. 2µ1 
midiprep DNA (1 µg) + 0.3µ1 10 x BamH I buffer + 0.3µ1 10 x Hael 11 
buffer + 1 unit BamHI + 1 unit Haelll + 3µ1 water at 37°C for 1 hour. 
This was end-labelled by mixing with 6µ1 (0.6µ1 10 x NT buffer + 
0.1µ1 of each of the 200µM dGTP, dCTP and dTTP solutions+ 0.1µ1 
32PdATP(1 µCurie) + 5µ1 water) and incubated at 30°C for 30 
minutes. 6µ1 bromophenol blue loading buffer was then added, and 
the DNA sample loaded onto a 5% TBE polyacrylamide gel and 
electrophoresed with a molecular marker, e.g . plasmid pCE30 
digested with Sau3A and end-labelled (sizes: 345, 262, 252, 134, 
109, 82, 79, 78, 58, 50, 40, 22, 21, 16, 15, 12). The dye was run to 
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the bottom of the gel which was then dried and autoradiographed. 
Materials 
ex- 32p dATP (250µCi in 25µ1) supplied by Amersham 
Radiochemicals; 5% Polyacrylamide gel: 5ml 30% acrylamide stock 
(29:1 acrylamide: bis) + 6ml 10 x TBE + 49ml H20 + 150µ1 10% 
ammonium persulphate + 50µ1 TEMED.(N,N,N',N'-tetramethyl 
ethylenediamine. 
2,3,12 Plasmid Seguencing, 
This was based on the kit from Boehringer Mannheim. The 
procedure entailed denaturing the DNA to single strands, annealing 
a primer and then carrying out a chain termination synthesis 
reaction with the incorporation of labelled dNTP and 
dideoxynucleotides. 
i) Denaturing the DNA" 1. 2µg of midiprep DNA was dried down under 
vacuum; 2. resuspenc;ied in 40µ1 denaturing buffer (0.2M NaOH, 
0.2mM EDTA). Left for 5 minutes at room temperature; 3. 4µ1 of 
neutralising buffer added (2M ammonium acetate, pH 4.5) then add 
100µ1 95% ethanol at -20°C; 4. mix and freeze in liquid N2 ; 5. spin 
1 O minutes, 4°C. Wash pellet with 70% ethanol. Centrifuge 1 
minute. Pellet dried under vacuum. 
ii) Annealing: Dried denatured DNA+ 0.5µ1 p.rimer solution (2.5 
pmol) + 1.5µ1 1 O x reaction bufer + 1 µI ex - 32 PdATP (1 OµCi) + 12µ1 
H20. Incubated at 37°C for 15 minutes. 
iii} Chain Elongatjon : 1. Annealing mixture + 1 µI Kienow enzyme (2 
units); 2. 3µ1 of this mixture pipetted into four tubes, A,G,C,T, each 
containing 2µ1 of the relevant dNTP/ddNTP mixture. Incubate at 
37°C for 15 minutes; 3. reaction chased by addition of 1.5µ1 dNTPs 
(2mM); 4. terminate the reaction by adding 4µ1 formamide loading 
buffer; 5. immediately before loading the samples on the 
sequencing gel, denature them at 45°C for 3 minutes, then load 2µ1 
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of each tube in a separate lane. 
iy) Gel Electrophoresis: The gel was cast in the BioRad sequencing 
gel apparatus. Gel mixture: 10ml 40% acrylamide (29:1 acrylamide : 
bis) + 25.2g urea + 6ml 10 x TBE + 20ml H20 + 165µ1 10% APS + 
50µ1 TEMED. The gel was placed in the apparatus and 
electrophoresed in TBE buffer. It was pre-run at 1600 volts for an 
hour until upto running temperature (65°C). A shark-tooth comb 
was then introduced, and the denatured samples loaded. The gel 
was run at 1600 volts until the marker dye neared the bottom. The 
gel was then stuck onto a sheet of 3MM paper, covered in Gladwrap , 
and dried under vacuum at 80°C in the BioRad gel-drying apparatus . 
The dried gel was placed in a lightproof cassette with a sheet of 
Kodak XAR-5 film , and left to expose overnight. The film was 
developed as directed. 
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CHAPTER 3, 
Expression and Purification of the rough Homeodomain. 
3,1 lotroductjon, 
This chapter is concerned with use of the plasmids described 
in Chapter 2 to obtain expression of the rough homeodomain in 
Escherichia coli. The aim of this work was to obtain sufficiently 
la rge quantities of the rough homeodomain to permit its use in 
structural and functional studies (for 2-D nmr, a minimum of -9 
mg (1 µmol) of the protein is required (Otting et al.1988)) . A 
variety of other genes have been expressed in essentially the same 
vector system , and the resulting proteins account for >10% of the 
bacterial cell prote in, e.g. E. coli dnaB, hmp, and ssb (Elv in et 
al. 1990). 
Factors affecti~g the actual expression of the gene at the 
level of transcription and translation were discussed earlier. Here 
are considered factors that directly affect the newly-synthesized 
protein , and the effects that these may have upon the yield of 
prote in folded in its native conformation. Problems associated 
w ith isolation and purification of the overexpressed protein will 
also be discussed. 
The first problem associated with the expression of a foreign 
gene in E. coli, especially a small portion of a eukaryotic gene, is 
one of correct folding of the polypeptide product. 
The polypeptide chain produced by the ribosomes translating 
the codon sequence of the mRNA will tend to adopt a particular 
spatial ar rangement according to the interactions of the 
sidegroups of the component amino acids (Jaenicke 1987). 
However, although it has long been assumed that all of the 
information necessary for protein folding is encoded in the amino 
acid sequence, recent work has suggested that this may not always 
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be so (Golonbinoff et al.1989). The folding process may require 
specific factors, for example, chaperonins (Golonbinoff et al.1989) 
which are not found in the E. coli cytoplasm. In addition, many 
eukaryotic proteins require some post-translational processing and 
modification in order to acquire a final functional form. Even in 
the absence of such a processing requirement, the expression of 
only a portion ·of the native gene to give a part of the protein may 
result in a polypeptide which lacks the relevant amino acid residue 
interactions necessary for its proper folding. As such, the peptide 
may not be capable of adopting the configuration that it would 
possess in the native protein. 
In the case of the homeodomain expressed ·trom plasmid 
pJG(2) (Figure 2.8), the predicted sequence of 70 amino acids 
(shown in Figure 3.1) consists of 69 amino acids encoded by the 
middle exon of the rough gene (Tomlinson et al.1988; Figure 1 .1) 
starting with a methi<~rnine instead of an arginine residue . This 
represents only 20% of the predicted full-length native rough 
protein (350 amino acids;Tomlinson et al.1988). However, since 
the 60 amino acids of the homeodomain seem to be very highly 
conserved throughout the animal kingdom despite the high degree 
of variability in the flanking regions, then it seemed possible that 
the homeodomain could be an entity capable in its own right of 
folding independently of the bulk of the remainder of the protein . 
This seems to be borne out by the successful purification of an 
apparently functional Antennapedia homeodomain (Muller et 
al.1988; see Figure 6.1) which consists of 67 amino acids (or 18% 
of the native Antennapedia protein; Schneuwly et al.1986). 
The protein produced may be subject to extensive degradation 
by the proteases of the bacterial cell. E. coli possesses a series of 
proteases which display a variable specificity for, and rate of 
degradation of, abnormal proteins (Goldberg and Goff 1986). It is 
noted that small proteins are especially susceptible to such 
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Figure 3.1: The 70 amino acid sequence of the rough 
homeodomain protein encoded by pJG(2}. 
The start and finish of the 61 residue rough homeodomain are 
shown. There are another 4 residues encoded by the rough gene at 
either end of the homeodomain; the met-1 is the only amino acid 
not encoded by rough in this position. The putative helix-turn-helix 
motif within the homeodomain is indicated (see Section 4.1 .3). This 
protein has a high proportion of charged residues with 18 basic 
(aiqgJ/i w s ) and 1 O acidic (~ hii /~~IP)) side chains, giving the protein 
a strongly basic charge overall. The molecular weight of the 
protein obtained by summation of the residues is 8786 daltons. 
protease action, and that the overall rate of protease activity 
significantly increases when the bacterial cell is under conditions 
of environmental stress. 
The rough homeodomain from pJG(2) is both small (8786 
daltons) and is expressed under conditions (42°C) that would induce 
the "heat shock" response in E. coli (Goff et al.1984). Again , 
reference to work on the Antennapedia homeodomain (AntpHD) 
suggests that small size may not be significant, since upto 4 mg of 
thi s protein could be isolated from each litre of bacterial culture 
(Mu ller et al.1988). However, in this case, induction of the 
homeodomain synthesis was achieved by addition of IPTG 
(isopropyl ~-0-thiogalactoside) to derepress the lac promoter and 
initiate expression under conditions of optimal E. coli growth at 
37°C. A way of countering the effects of such proteolysis systems 
is to use E. coli strains defective in their production. 
lnduGtion of the _heat shock response in E. coli results in a 
doubling of the concentration of the ATP-dependent protease La 
(the Ion gene product) and a consequent increase in the rate of 
proteolysis of abnormal proteins (Goff et al.1984). It is suggested 
th at La catalyses the rate-limiting step in the breakdown of most 
abnormal proteins (Goldberg and Goff 1986) . Since mutations in 
Ion result in a generalised defect in the degradation of abnormal 
proteins, a Ion E. coli strain might be used as the host for an 
expression system. 
Mutations in the htpR gene also affect the normal 
functioning of the proteolysis system in E. coli (Goff et al.1984) . 
The htpR gene encodes an alternative a-subunit of RNA polymerase 
necessary for transcription of the heat shock genes and hence, for 
induction of the heat shock response. One aspect of its function is 
enhancement of protease La activity. It seems that even under 
conditions of normal growth (e.g. 30° or 37°C), htpR mutants 
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display a lower rate of degradation of many proteins than do wild-
type cells (Goff et al.1984). Thus, a double htpR-lon mutant may be 
an even better host strain if proteolysis is a problem. 
Another feature associated with the high-level expression of 
cloned genes is aggregation of the overproduced protein (Buell and 
Panayotatos 1986). This process may entail misfolding of the 
protein (Jaenicke 1987) or its conversion from a soluble state 
(from which it may be recovered by extraction with neutral 
aqueous buffers) into an insoluble state (from which the protein 
may be recovered only by extraction with detergents or chaotropic 
agents). The aggregated protein tends to occur as dense 
osmiophilic inclusions ("inclusion bodies") which can be visualised 
in cells by electron microscopy and have been found in some cases 
to account for 20% of the cellular volume (Williams et al.1982). 
Although, these structures were initially thought to represent 
some sort of degrading organelle in which abnormal proteins might 
accumulate prior to degradation (Goldberg and Goff 1986), they are 
not bounded by membrane and do not contain proteolytic enzymes. 
Instead, they appear to be amorphous aggregates of partially or 
completely denatured protein. The formation of such structures 
seems to be a spontaneous process occurring when cells produce 
large amounts of foreign protein. They are generated from soluble 
proteins even when ATP production ceases (Goldberg and Goff 
1986). However, the subsequent removal of proteins from such 
aggregates requires ATP and involves the complete hydrolysis of 
the proteins (protease La requires ATP). Hence, it has been 
suggested that the formation of protein aggregates may be part of 
the cell's degradation process, e.g. as a physical consequence of the 
saturation of its degrading capacity, or in order to direct the 
proteolytic digestion of foreign proteins. 
It has been observed that aggregate pellets of the 
overexpressed polypeptides, easily isolated by differential 
34 
centrifugati on, are quite uniform in composition. After prolonged 
expression of a cloned gene, they often have a rather homogeneous, 
almost crystalline appearance (Williams et al.1982). 
The tendency of unfolded foreign proteins to form dense 
intracellular aggregates varies widely according to the protein, 
and the host E. coli strain used (Buell and Panayotatos 1986). It 
has, however, proved useful in isolation of the denatured protein, 
because it allows the selective removal of soluble contaminating 
bacterial proteins. Indeed, this technique is precisely that used 
fo r isolation of the rough - ~-galactosidase fusion proteins, whose 
production is discussed in Chapter 5. The apparent tendency of the 
rough homeodomain to form such insoluble aggregates is discussed 
in Section 3.2. 
This now leads to a consideration of the purification 
procedure to be used. The predicted rough homeodomain is small, 
highly charged, and v~ry basic (it has 19 basic to 10 acidic amino 
ac ids , giving an estimated isoelectric point >pH10). If it were to 
form intracellular aggregates (as described above), it would be 
necessary to develop a procedure for its resolubilisation before 
ch romatographic methods could be utilised. 
Comparison with the published procedure for isolation of the 
Antennapedia homeodomain (Muller et al.1988) might be 
instructive. The presence of the Antennapedia homeodomain (Antp 
HD) was monitored during its purification by visualising it as a 
band on SDS-polyacrylamide electrophoresis gels. The procedure 
began with the lysis of the induced cells in a French Press. The 
Antp HD was in the soluble fraction obtained by centrifugation of 
the lysis mixture . Polyethylene imine (Polymin P), a polyamine 
polycation, was added to this fraction to precipitate out remaining 
DNA fragments. This was done at high salt concentration (0.4 M 
NaCl) presumably because it was thought that a basic protein like 
Antp HD (20 basic versus 7 acidic residues) might bind anionic DNA 
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fragments, and might otherwise be precipitated with them. The 
Polymin P-treated mixture was centrifuged and the supernatant 
was loaded onto a cation-exchange chromatography column. The 
matrix used, Bio-Rex A70, carries carboxyl groups (-COOH; pKa-5) 
and so at neutral or higher pH values bind cationic proteins. The 
bound proteins are removed by elution with increasing 
concentrations of a competing cation (e .g. Na+). At the appropriate 
[Na+], the Antp HD was displaced and collected. It may not have 
been pure since, following dilution of the fractions to lower (Na+], 
th ey were applied onto another cation-exchange resin (Mono-S 
[Pharmacia]: the active goup is -S03·). Elution of the bound 
proteins from this column with an increasing [Na+] gradient gave 
fractions in which the Antp HD was pure. 
By contrast, in this work, it was not possible initially to 
detect the rough homeodomain as a readily identifiable band on 
SDS-polyacrylamide g-e1 electrophoresis (SOS-PAGE) gels. Neither 
was there an assay for the presence of the protein in fractions, 
although there were hopes of using the polyclonal antibodies raised 
against the X17 fusion protein (see Chapter 5) to detect it 
immunochemically. In the absence of information on the 
specificity of DNA binding, it was impossible to contemplate a 
DNA-binding assay. 
The first objective, therefore, was to develop a procedure for 
isolation of small quantities of the rough homeodomain (roHD), 
irrespective of yield, of sufficient purity to enable it to be used to 
establish a specific DNA-binding assay. The refinement of the 
purification procedure would then follow. 
3.2 Results and Discussion 
This section gives an account of the expression and 
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purification studies of the rough homeodomain (roHD). Section 
3.2.1 gives details of the attempts to confirm that there had been 
expression of the roHD in induced pJG(2) cells. Although not 
apparently expressed to the levels expected for this expression 
system (Elvin et al.1990), the roHD was visualised on SOS-PAGE 
protein gels, but was found to be migrating at an anomalously high 
relative molecular weight. It was shown to be present in an 
insoluble, presumably aggregate form, although there was evidence 
that it was also present in the soluble form predicted for such a 
globular protein. Section 3.2.2 describes the attempts made to 
purify the soluble roHD using a similar procedure to that · 
successfully used to purify the Antp HD (Muller et al.1988). Though 
this did result in the purification of the roHD, the yield was very 
low. Section 3.2.3 is an account of other purification methods 
which were tried to improve the yield of the roHD. Finally, Section 
2.3.4 describes the successful purification of 0.6 mg of the roHD by 
extraction of the insoluble protein with urea solution, and its 
renaturation, before ion-exchange chromatography at high pH. 
Further purification was not attempted until an assay based upon 
the DNA-binding properties of the roHD could be developed (see 
Chapter 4). 
3.2.1 Initial Expression Work. 
The first problem in the isolation of the roHD was to identify 
it in cell extracts. 
The initial expression studies were conducted with the 5' 
plasmids: pJG(1 )1 O, pJG(1 )13 and pJG(1 )C11, whose construction, 
and subsequent incorporation into the final expression construct, 
is described in the preceding chapter. These studies involved the 
thermal induction (at 42°C) of small broth cultures of exponential 
phase cells. Treatment at 42°C proceeded for variable periods 
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from 30 minutes to fifteen hours. Cells were harvested by 
centrifugation and lysed in 1.2% sodium dodecyl sulphate (SOS) at 
100°C. This procedure solubilises most of the bacterial proteins. 
SOS is a detergent that binds to polypeptides (at a weight ratio of 
1.4 :1, SOS: protein; Berger and Kimmel 1987), and dithiothreitol is 
used to reduce disulphide bonds. The protein solution is loaded 
onto a polyacrylamide gel (containing 0.1 % SOS) and separated by 
electrophoresis (SOS-PAGE), the SOS-protein complexes are 
negatively-charged and migrate towards the anode (Laemmli 1970). 
Comparison of the protein composition of these SOS cell lysates 
before and after treatment at 42°C, electrophoresed against 
molecular weight standards, gives a clear indication of 
accumulation of the desired protein, provided it is produced to 
levels in excess of around 0.5% of total protein in the cell (Elvin et 
al. 1990). Bacterial heat-shock proteins are also readily 
identified. There was, however, no significant change apparent in 
the composition of induced SOS lysates from the 5' plasmids (data 
not shown). The rough open reading frame in these plasmids should 
have given a protein with a molecular weight between 12,700 and 
13,300 daltons, and the gels were run to allow a good separation of 
bands in this region. If there was an additional protein band 
present in the induced SOS lysate, it was either unexpectedly 
weak , and/or was being obscured by another protein band, present 
in lysates of the induced and uninduced lanes. 
It was hoped that this apparently poor yield might be 
associated with instability of the rough protein product due to the 
35 amino acids at the 3' end which were removed in the final 
homeodomain constructs, pJG(2) and pJG(3). Hence, once 
constructed, the expression work concentrated on the plasmid 
pJG(2) . 
From the predicted amino acid sequence of the roHO encoded 
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by pJG(2) (given in Figure 3.1 ), the molecular weight was 
calculated to be 8786. SOS lysates of an induced culture of cells 
containing pJG(2) were prepared, and run on SOS-PAGE. However, 
there were still no differences evident between the induced and 
uninduced lanes in this region (Figure 3.5). 
Given that a strain containing pJG(2) is clearly temperature 
sensitive in its ·growth, there would seem to be a degree of 
activity associated with the temperature-inducible expression 
system. Hence, it was reasoned that the homeodomain was being 
produced in the induced clones but that, for some reason possibly 
associated with its small size and high positive charge, its 
presence was not evident on SOS-PAGE gels (Weber and Osborn 
1975). 
Two main possibilities were considered at this juncture. 
Either the protein was present in the lysate and entering the gel 
but was not evident d_ue to inadequate staining or fixing in the .gel, 
or that it was not present in the lysate because it was in the 
material not solubilised by the SOS treatment. Aggregation was 
fo und to occur with the fusion protein (discussed in Chapter 5). 
Indeed, the fusion protein was not readily solubilised in SOS at 
1 00°C, and did not enter the SOS-polyacrylamide gel under the 
conditions used here. 
To test the possibility that the protein was entering these 
gels but was not evident for reasons associated with the nature of 
the protein separation in the gels, or due to the gel staining 
protocol used, variations in the composition of the polyacrylamide 
gels were tried, with gradient gels, higher and lower percentages 
of acrylamide monomer in the separating gel, the addition of 
glycerol to the gel, stronger fixation procedures, and stronger 
Coomassie blue staining solutions (Giulian et al.1984; OeWald et 
al.1986). None of these measures resulted in clear visualisation of 
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Extraction procedure: the cell pellet was r/s in sonication buffer 
(SOmM Tris pH 7.5, 10% sucrose). This was sonicated for 1 minute 
on ice and centrifuged at 12,000 g (supernatant = s/n 1 ). The 
pellet was rls in T.N.E. (25mM Tris pH 8, 50mM NaCl, 2mM DTT, 
10% sucrose) + 100µglml lysozyme for 30 minutes on ice, then 
frozen in liquid N2 , thawed, and centrifuged at 12,000 g (s/n 2). 
The pellet was r/s in T.N.E. + 10% Triton X-100 for 10 minutes 
on ice, and centrifuged (sin 3). This pellet was r/s in 
8M urea (10mM Tris 7.4) for 1 hour on ice, and centrifuged (s/n 4). 
F' igure 3.2 : SDS-polyacrylamide gel of protein extracts from 
pJG<2} cells grown at 42°C <+} and 30°C <-}. 
the homeodomain on SOS-PAGE gels. 
The method used for solubilising the fusion protein (see 
Chapter 5; Howell and Hargreaves 1988} was tried on induced and 
uninduced cultures of cells containing pJG(2} (Figure 3.2). Cells 
were first lysed by sonication, and were then centrifuged to 
remove soluble proteins (s/n 1 }. The pellet was resuspended and 
other proteins were solubilised by freezing and thawing in the 
presence of lysozyme. The soluble fraction (s/n 2) was again 
removed by centrifugation. The pellet was resuspended in 
1 Oo/o(w/v} Triton X-100. Following centrifugation (s/n 3) , the 
pell et was finally extracted several times with 8 M urea (s/n 4). 
Soluble fractions for each of these four steps were treated 
with SOS, and run on SOS-PAGE gels. A difference between 
uninduced and induced cells was now apparent (see Figure 3.2). 
In the first supernatant (s/n 1}, there appeared to be an 
additional protein (arqund 15 kdal} in the induced lane. However, it 
was in the final urea extract (s/n 4) that the clearest difference 
was apparent, with the presence in the induced lane of a protein 
around 14 kdal. Thus, there was indeed an insoluble protein whose 
presence seemed to be restricted to the induced cells . Yet, given 
that the expected molecular weight of the rough protein was 8,800 , 
the identity of this protein was not clear . The anomalous 
mig ration of small basic proteins on SOS gels , to give higher 
apparent molecular weights, has however been documented 
frequently (e .g. histones (Panyim and Chalkley 1971 }, HU (Rouviere-
Yaniv and Gros 1975)) . In order to clarify the situation , an attempt 
was made to identify induced proteins by the incorporation of a 
radioactively-labelled amino acid during induction . Since the 
rough homeodomain (roHO) was predicted to contain a large number 
of arginine residues (14 of 70} , [14C]-arginine was used. 
The incorporation procedure entailed growing small liquid 
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n me after induction when [14 C]-arginine was added. 
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Method: pJG(2) cells grown to A59 snm -0.5 in LB broth at 30°C, 
cells harvested at 50009, r/s in minimal media, and then 
induced by growth at 42°C. Addition of 2.5 µCi/ml [14C]-arginine 
at 0, 30, 60, and 120 minutes after induction. Cells 
harvested 30 minutes after addition of arginine, and r/s in 
SDS-lysis buffer; electrophoresis through 20% separating gel. 
FiqtJre 3.3: Autoradioqraph of SDS-polyacrylamide gel showing 
incorporation of (14CJ-arqinine into induced 
and uninduced protein extracts of pJGl2}. 
cultures of pJG(2) at 30°C in Luria-Bertani broth with ampicillin 
(LBAmp; see Methods) until they were in the exponential growth 
phase. The cells were then centrifuged, and resuspended in 
appropriately supplemented 56-minimal medium. After a further 
period at 30°C, the culture was heated to 42°C and [14C]-arginine 
was added. Samples were taken after 0.5, 1 and 2 hours. These 
were lysed with Sos, and separated by SOS-PAGE. The labelled 
proteins were visualised by autoradiography. There were three 
novel protein bands present in induced cells in comparison with 
uninduced cells (see Figure 3.3). The strongest of these had a 
molecular weight of 10.3 kdal, the other two were at 12.6 and 14 
kdal. It is presumably the latter band which corresponds to the 
protein apparent in the urea extract (s/n 4+; Figure 3.2). 
Hence, the incorporation study suggested that there was 
indeed a strongly induced protein that had close to the predicted 
molecular weight of the roHO yet, despite the clear band on this gel 
(possibly due to the abundance of arginine), there was no 
correspondingly outstanding band of this size on Coomassie-blue 
stained SOS-PAGE gels (Figure 3.5). Rather, the lowest band 
showing a significant change migrates around 14 kdal. 
Attempts were made to detect the roHO using the polyclonal 
antibodies raised against the X17 fusion protein (Chapter 5). Since 
the X17 protein contains most of the roHO (there are 58 amino 
acids in common), the antisera should display some specificity for 
the protein. 
Western blots of SOS-lysates of induced cells containing 
pJG(1)10(4), pJG(1 )C11 and pJG(1 )13 showed an antigenic band at 
around 22 kdal, but no other noticeable differences with the 
uninduced lysates . A Western blot of the pJG(2) extracts (sin's 1, 
2,and 4; Figure 3.2) did not identify any of the proteins shown in 
the 14C-incorporation studies, and background staining of other 
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Protein extracts: pJG(2) extracts as in Figure 3.2, s/n 4 +/-
were dialysed against T.N.E. before immunoprecipitation. 
PEX2- = pEX2 in N4830 grown at 30°C and prepared as for pJG(2) 
s/n 1-. pEX2+ and X17+ = induced extracts prepared as for pJG(2) 
s/n 4+. Details of pEX2 and X17 are given in Chapter 5. 
lmmunoprecipitation procedure: samples of the protein extracts 
were mixed with antisera (1 :500 dilution) raised against the 
X17 fusion protein (see Chapter 5 for details) in T.N.E. buffer. 
After 72 hours at 4°c, the mixtures were centrifuged at 16,000g 
for 10 minutes. The pellets were resuspended in SDS-lysis 
butter and electrophoresed on a 13% SDS-polyacrylamide gel. 
Figure 3.4: SOS-PAGE showing immunoprecipitation of proteins 
from pJGC2} extracts {see Figure 3.2) and pEX2 / X17 
extracts {see Chapter 5}. 
proteins, notably lysozyme in the freeze/thaw supernatant, was 
evident (not shown). 
lmmunoprecipitation was tried as an alternative method to 
the Western blot since, as a result of staining the SDS-
polyacrylamide gel after it had been blotted, it was evident that 
only a partial transfer of proteins (other than the pre-stained 
markers) to the nitrocellulose membrane was being achieved (see 
Section 5.5). lmmunoprecipitation with the X17 antisera (see 
Figure 3.4) of the proteins in the pJG(2) extracts (sin's 1, 2, and 4; 
Figure 3.2) showed that the main difference was in s/n 1 + and s/n 
4+ with a protein at -14 kdal. It would appear to be the same 
protein immunoprecipitated from both extracts. This protein was 
already evident in s/n 4+ (Figure 3.2), but was not clear in s/n 1 +. 
Thus, it appeared that this protein occurred in the cell in both an 
initially soluble form, readily extracted from induced pJG(2) by 
gentle lysis, and in an i_nsoluble (presumably aggregated) form, 
which was not extracted by sonication or treatment with 10% 
Triton X-100 (s/n 2+, s/n 3+), but was finally extracted by 8 M 
urea (s/n 4+). 
Given the result with the immunoprecipitation, it was 
thought that perhaps this 14 kdal protein might indeed have been 
the roHD, despite the [14C]-arginine incorporation result with its 
more promising band. Ultimately, however, the only way to 
satisfactorily establish its identity was by determination of the 
N-termi nal sequence of the protein . 
The s/n 4+ urea extract from pJG(2) (Figure 3.2) was 
transferred electrophoretically from an SOS gel onto a 
polyvinylidene difluoride (PVDF) membrane (Matsudaira 1987). The 
membrane was stained with Coomassie blue to visualise proteins . 
The 14 kdal band described above was excised and the N-terminal 
sequence was determined by Dr D.Shaw (John Curtin School of 
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Figure 3.5: sos-PAGE showing the effect of time of 
induction on pJGl2} cell protein. 
pJG(2) cells were grown at 30°C until A59snm= 0.53; they 
were then grown at 42°C to induce expression of the roHO. Samples 
were removed from the induced culture at 0, 0.5, 1, 2, 3, and 15 
hours , their A59snm measured, and equal aliquots solubilised with 
SOS buffer, before loading on 20% SOS-PAGE. 
The protein region around 14 kdal is indicated by the solid 
bar. There seems to be an increase in the relative protein 
concentration in this region with time of induction, reaching a 
plateau around 2-3 hours. The rate of increase in the density of the 
pJG(2) culture at 42°C declines relative to its growth rate at 30°C; 
pJG(2) growing exponentially at 30°C reaches its growth plateau 
(A59snm-1.9 in LB-Amp broth) -2-3 hours after A59snm= 0.5; 
however, cells induced at this stage reach a much lower plateau 
within 3-4 hours (A59snm""1.3), and do not achieve the same density 
even after 15 hours of growth at 42°C. 
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Figure 3.5: SOS-PAGE showing the effect of time of induction on 
pJGl2} cell protein. 
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Medical Research, ANU). A sequence for the first 15 amino acids 
was obtained and was found to match that expected for the rough 
homeodomain (Figure 3.1 ). 
It is therefore apparent that the roHD was being expressed 
from pJG(2), but not at as high a level as was expected based on 
expression work with other genes in this vector system. The 
question remains: why is its apparent mobility on SOS-PAGE around 
14,000 daltons given its predicted molecular weight of 8,800. One 
possibility is that the protein formed a dimeric structure that was 
not easily denatured. However, other small highly basic proteins 
have been found to run at anomalously high molecular weights 
(perhaps due to a cancelling of some of the overall negative charge 
which dictates its rate of migration in SOS-PAGE) (Panyim and 
Chalkley 1971; Rouviere-Yaniv and Gros 1975; Weber and Osborn 
1975). 
Thus, this work s~ggested that the roHD was distributed 
between two fractions - the insoluble portion seemed to be the 
more predominant, although at least some of it was soluble. 
3.2 2 The Antennapedia Protocol, 
Muller et al.(1988) reported production and purification of 
the Antennapedia homeodomain (AntpHD). An outline of the 
purification procedure for this protein was presented in the 
Introduction to this Chapter. Given the similarities between the 
Antp HD and roHD (see Figure 6.1 ), the published procedure was 
initially followed. With the apparently low yield of roHD, much 
larger quantities of cells were required. Time courses of the 
induction (Figure 3.5) suggested that production of the 14 kdal 
protein increased beyond 2 hours and reached a constant level that 
was maintained beyond 15 hours. A 40-litre culture in a batch 
fermenter was grown to o.o.595 -0.8, then treated at 42°C for 4 
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Figure 3.6: sos-PAGE and elution profile of the pJGl2} 
Polymin P supernatant fractions from a BioRex A-70 
cation-exchange column. 
Preparation of the protein extract: Induced pJG(2) cells (2.5 g net 
weight) in 30 ml of lysis buffer (Buffer A, 10% sucrose, 2 mM 
EDTA, 0.4 M NaCl) were lysed at 10,000 p.s.i. The supernatant from 
centrifugation at 12,000g (15 minutes) was taken to 0.8% Polymin 
P, mixed for 15 minutes, and then re-centrifuged. This supernatant 
was applied to, and eluted from, a BioRex column, removing DNA 
and Polymin P from the protein, as described in Section 3.2.2. The 
protein fraction from this column (= Polymin P s/n) was re-applied 
to a BioRex column. 
BioRex chromatography: The 5 x 0.7 cm BioRex A-70 column was 
pre-equilibrated with 50 ml Buffer A, 0.1 M NaCl. After the protein 
extract (above) had been applied, the column was washed with 
100 ml Buffer A, 0.1 M NaCl (flow-through = protein washed from 
column at this stage). The column was eluted with a 40 ml NaCl 
gradient (0.1 to 1.1 M NaCl in Buffer A) . 1 ml fractions were 
collected and their A2aonm determined. The graph shows a plot of 
the elution profile with increasing [NaCl]. 20 µI samples of elution 
fractions were mixed with an equal volume of SDS-lysis buffer, 
and electrophoresed on an 18% SDS-polyacrylamide gel as 
described in Section 3.3.1. 
- = the protein in fractions 8-11; * = the protein in fractions 
15/16. Further purification of these proteins by Mono-S 
chromatography is shown in Figure 3.7. 
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Figure 3.6: SDS-PAGE and elution profile of the pJG{2} Polymin P 
supernatant fractions from a BioRex A-70 cation-
exchange column. 
hours before the cells were harvested. Cells (141 g net weight) 
were resuspended with an equal volume of buffer to give a slurry 
which was frozen in liquid nitrogen and stored at -70°C. 
A sample of these cells was thawed and lysed using a French 
Press (at 10,000 p.s.i.). The resulting lysate was centrifuged 
(12,000g, 15 mins) and the supernatant was treated by dropwise 
addition of Polymin P to a concentration of 0.8% (v/v). This was 
mixed for 15 minutes and centrifuged (12,000g, 15 mins.). 
Following Muller et al.(1988), the supernatant was loaded directly 
onto a BioRex A-70 cation-exchange column (5 x 0.7 cm) pre-
equilibrated with 0.4 M NaCl in Buffer A (50mM phosphate, pH 7.5). 
The resin was thoroughly washed and bound protein was eluted 
with a 40-ml gradient of 0.5 M to 0.9 M NaCl in Buffer A. The 
absorbance at 280 nm (A280 ) was measured for the resulting 1-ml 
fractions, and samples of those with an absorbance >0.1 were 
loaded onto an SDS-PAQE gel (18%). Very little protein, and no 
protein <17 kdal, was detected (not shown). The only difference on 
SOS-PAGE between the extract loaded onto the column and that 
which flowed through, was the loss of the streaking due to Polymin 
P. The spectrum of eluted fractions with a high A280 but no 
apparent protein showed an absorbance maximum at 260 nm, and 
their fluorescence with ethidium bromide confirmed a high 
concentration of DNA. Since hardly any protein had been removed 
from the initial supernatant, but it appeared that most of the 
Polymin P and DNA had been, the flowthrough fraction was 
reapplied to another BioRex column (5 x 0.7 cm). This new column 
was pre-equilibrated with 0.1 M NaCl in Buffer A, and the protein 
solution was diluted to 0.1 M NaCl before being applied to the 
column. The column was washed and then eluted with a 0.1 M to 1.1 
M NaCl gradient to give forty 1-ml fractions. The A280 of these 
fractions showed there to be a large peak from fraction 5 to 24. 
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Figure 3.7: SOS-PAGE and elution profile from Mono-s 
cation-exchange columns loaded with BioRex elution 
fractions in Figure 3.6. 
Protein extract· Fractions 8-11 and Fractions 15/16 from Figure 
3.6 were dialysed to Buffer 8, 0.05 M NaCl, and then applied to the 
Mono-S column (=load). 
Mono-$ chromatography: The pre-packed 5 ml Mono-S column was 
used with the Pharmacia FPLC apparatus. The column was pre-
equilibrated with 10 ml Buffer 8, 0.05 M NaCl. The above protein 
extracts were then applied to the column, which was washed with 
10 ml Buffer 8, 0.05 M NaCl 'before developing the NaCl elution 
gradient (30 ml 0.05 to 1 M NaCl in Buffer 8). The A2aonm of the 
1 ml elution fractions is plotted against the [NaCl]. 
20 µI samples of elution fractions were mixed with an equal 
volume of SDS-lysis buffer, and electrophoresed on an 18% SDS-
polyacrylamide gel. 
- = HU 1/11; * = roHD; determined by protein sequencing as 
described in Section 3.2.2. 
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Figure 3.7: SOS-PAGE and elution profile from Mono-s cation-
exchange columns loaded with BioRex elution 
fractions shown in Figure 3.6. 
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Samples of these fractions were run on an SOS-PAGE gel(Figure 
3.6). Two proteins migrating below 14,400 were evident, one -12 
kdal eluted at -0.4 M NaCl, the other, less abundant -14 kdal, 
eluted at -0.55 M NaCl. 
Both of these proteins were further purified following 
dialysis to 50 mM NaCl in Buffer B. They were loaded separately 
onto a Mono-S column (5 ml), using a complete FPLC system 
(Pharmacia). This column was run at higher pH with Buffer B (20 
mM glycine, pH 9.0) since it was reasoned that the roHD would be a 
cation even at high pH. The column was developed with a 40-ml 
gradient of 50 mM to 1.0 M NaCl. The elution profile (A280 ) of the 
column, and SOS-PAGE of these fractions is shown in Figure 3.7. 
The first protein was purified in a fraction eluting at -0 .3 M NaCl , 
whilst the second protein was eluted at around 0.55 M NaCl. 
Both of these purified fractions were dialysed against water 
and the first 10 to 15 amino acids of their N-terminal sequences 
were determined by Dr Shaw. The more abundant protein (-12 kdal) 
was the small, basic E. coli DNA-binding protein HU I/II (Rouviere-
Yaniv and Gros 1975) which occurs as a mixture of two almost 
identical proteins, each 90 residues long. This is an abundant 
protein in E. coli with at least 10,000 copies per cell (Rouviere-
Yaniv and Gros 1975). The other protein, which was found to 
comigrate on SOS-PAGE gels with the 14 kdal roHD identified 
earlier (s/n 4+), was confirmed as the roHD. 
Unfortunately, the yield of pure roHD obtained by this means 
was very low. From 5g of resuspended cells (equivalent to -750 ml 
of cell culture), the procedure gave -1 Oµg of protein (based on an 
assessment of the concentration of the aliquot submitted for 
protein sequencing, and from SOS-PAGE) . 
Clearly, changes in the procedure were required. However, in 
the absence of an assay for the protein, it was not clear just how 
much soluble protein was available to be purified. The 
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initial expression work in the last section suggested that a 
significant proportion of the roHD was present in an initially 
insoluble form. Indeed, although this procedure clearly showed 
that the roHD was also present as soluble protein in induced pJG(2) 
cells, it was possible that much of it was not being extracted from 
the lysates, due to retention of the soluble protein in the pellet at 
the lysis stage. This is possible since the homeodomain is 
expected to be fairly basic and ought to bind DNA non-specifically . 
Lysis could be carried out in buffer at high [NaCl]. Even then, the 
French Press seemed to generate a considerable quantity of 
smaller DNA fragments which were not initially pelletted; the 
protein may interact with these. As such, it may be precipitated in 
association with the DNA when the supernatant is treated with 
Polymin P. It was also possible that the protein was being 
degraded between the lysis and application to the column. These 
questions are investigated in the next section. 
3.2.3 Variations on the Theme. 
It was decided to try to improve the yield of soluble roHD in 
the lysis supernatant by varying the conditions of cell lysis and the 
fractionation of the supernatant. 
A higher [NaCl] (0.6 M) in the lysis buffer was used to reduce 
non-specific DNA binding, and the pH of the buffer was increased to 
9 to precipitate some other proteins with lower isoelectric points . 
Although neither of these measures discernibly improved the yield 
of roHD as assessed by SOS-PAGE, further fractionation of the 
soluble extract was attempted. 
Ammonium sulphate (AmS04) fractionation was tried since, 
being small and basic, the roHD might have been amongst the more 
soluble proteins. Supernatants were taken to 30 and then 60% 
AmS04 saturation, mixed on ice, and centrifuged. Most of the 
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higher molecular weight protein was removed at 30%, and the roHD 
was precipitated by 60% AmS04. However, cation-exchange 
chromatography on Biorex A-70 (pH 9.0) of the dialysed 60% pellet 
showed that there to be many low molecular weight proteins (<20 
kdal) of fairly equal quantities, of which there were at least three 
that eluted from the column at >0.5 M NaCl and ran adjacent to the 
sin 4+ roHD marker on SOS-PAGE gels. Subsequent chromatography 
on Mono-S (pH 9.0) of fractions containing these proteins resulted 
in three half-pure proteins eluting at 0.75, 0.8, and 0.88 M NaCl, all 
of which were estimated from SOS-PAGE to be present at 
<10µg/litre of induced culture (not shown). 
Attempts to use the X17 polyclonal antisera to localise the 
distribution of roHD in the various fractions were not especially 
successful. With Western blotting, there were problems getting 
satisfactory conditions for transfer of the smaller, basic proteins 
-(see Figure 5.5). Remedies to this problem were tried with limited 
success (Szewczyk and Kozloff 1985; Section 5.2.6), since the 
antisera exhibited specificity for other small (<20 kdal) proteins 
giving difficulty in the interpretation of data. lmmunoprecipitation 
was hampered by similar problems of background. Thus, the only 
way to assess the presence of the roHD was by visual appraisal of 
protein bands in SOS-PAGE gels with similar migration to the s/n 
4+ marker. 
The possibility that the soluble roHD concentration is limited 
by binding to DNA was investigated by use of a more gentle 
freeze/thaw/lysozyme lysis procedure, since this does not shear 
chromosomal DNA as much as does French Press lysis, or 
sonication. The soluble fraction was further fractionated with 
Polymin P at a higher concentration than previously used (1 %). The 
resulting supernatant showed no noticeable improvement in yield 
of roHD; the pellet was extracted with NaCl (2 M) and urea (4 M) to 
eliminate the possibility that the roHD was being precipitated by 
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the Poly min P. 
Ways of improving the extraction of insoluble roHD from the 
pellet following lysis were also investigated, with NaCl (2 M), and 
urea (8 M). However, there was no apparent improvement upon the 
extraction described in Section 3.2.1. However, these studies 
indicated that the quantity of roHD in the induced cells prepared in 
the batch fermenter (40 litre culture) was not as high as that 
obtained in small (<1 litre) cultures in shaking water baths. It was 
not clear why this should be so but there were slight variations in 
the temperature of induction, the smaller cultures being more 
constant. Temperatures higher than 42°C (upto 45°C) were tested 
since it had been observed that this gave improved yields of 
expressed dihydropteridine reductase protein in a pCE30 derivative 
(Armarego et al.1989), perhaps as a result of the temperature 
inactivation of proteases. The results of these studies were 
however inconclusive. The possibility that the roHD may be ' 
subject to proteolysis was studied by using an E. coli strain with a 
proteolysis deficient htpR mutation (htpR am165; Goff et al.1984) 
as a host strain for pJG(2) and pJG(3). Improvements in the 
abundance of roHD as detected by SOS-PAGE were again not clear 
(data not shown). 
A main conclusion from this body of work was that, in the 
absence of an assay for the roHD, it was difficult to distinguish 
readily between the different treatments, although none of them 
provided any evidence that there were significantly larger 
quantities of the protein present in the induced cells than had been 
indicated by the studies reported in Sections 3.2.1 and 3.2.2. Thus, 
since there was evidence that more of the roHD was present as 
insoluble protein which could be extracted with high 
concentrations of urea, it was decided to attempt to purify the 
roHD from the lysis pellet by urea extraction. 
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Figure 3.8: SOS-PAGE and elution profile from BioRex A70 
ion-exchange column of the supernatant obtained by urea 
extraction of the cell lysate pellet. 
Preparation of the protein extract : Induced pJG(2) cells (67 g net 
weight) were suspended in 250 ml lysis buffer (25 mM Tris pH8, 
10% sucrose, 2 mM OTT, 0.25 mM PMSF); lysozyme (76 mg) was 
added , and the mixture stirred at 4°C for 60 minutes, and then 
incubated at 37°C for 5 minutes. The lysate was centrifuged at 
12,000g (60 minutes, 0°C), and the pellet resuspended in 8 M urea 
buffer (8 M urea, Buffer A, 0.4% Triton X-100) by mixing with a 
tissue homogeniser and stirring for 3 hours at 4°C. Half of this 
solution was diluted with 1 volume of 4 M urea in Buffer A (total 
volume, 220 ml) , and then mixed gently with 50 ml BioRex resin 
(pre-washed with 2 M NaCl , Buffer A; equilibrated with 0.1 M NaCl, 
Buffer A) for 1 hour at 4°C. This mixture was then poured onto a 
glass sinter under gentle suction, and washed with 400 ml 0.1 M 
NaCl/Buffer A. The resin was suspended in 100 ml 0.1 M NaCl/ 
Buffer A, and poured onto a 10 ml bed of fresh Bio Rex resin (pre-
equilibrated with the buffer) to give a 12 x 2.5 cm column. This 
column was washed with 50 ml 0.1 M NaCl/Buffer A, and then 
eluted with 30 ml 1.1 M NaCl/Buffer A, and 100 ml 2 M NaCl/Buffer 
A. 10 ml elution fractions were collected , their A2aonm measured , 
and protein composition analysed by SOS-PAGE. A preponderance of 
low Mr proteins were found in the first 4 fractions eluted at 2 M 
NaCl. These were dialysed against 0.1 M NaCl/Buffer A; this gave a 
white precipitate (lane F) and a supernatant which was loaded onto 
another BioRex column (lane E). 
BioRex chromatography: 30 ml BioRex resin was poured into a 6 x 
2.5 cm column, pre-equilibrated with 0.1 M NaCl/Buffer A, and then 
loaded with the protein extract above (= lane E). The column was 
then eluted with: i) 30 ml 4 M urea/Buffer A (eluate= lane G); ii) 
30 ml 0.1 M NaCl/Buffer A; iii) 50 ml 0.1 M NaCl/10 mM CAPS pH 
10.0 (Buffer C) (eluate = lane H); iv) a 0.1 to 1.1 M NaCl gradient 
(100 ml in Buffer C) (1 ml elution fractions = 1 to 70 in the elution 
profile; lane I = fraction 1 O; J = 16; K = 21 ; L = 26; M = 28; N = 
32; 0 = 36); v) 100 ml 2 M NaCl/Buffer C (10 ml elution fractions = 
71 to 79 in the elution profile; lane A = fraction 72; B = 73). All 
loadings on SOS-PAGE (18% gel) are 20 µI samples of fractions + 
20 µI SOS buffer. Lane C = molecular weight markers; Lane D = s/n 
4+ (see Figures 3.2 and 3.4). The positions of the roHO in s/n 4+, 
and HU 1/11 in lane C are indicated . 
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Figure 3.8: SDS-PAGE and elution profile from BioRex A70 
ion-exchange column of the supernatant obtained 
by urea extraction of the cell lysate pellet 
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3.2.4 Urea Extraction. 
The induced AN1459/pJG(2) cells were thawed in phosphate 
lysis buffer (with no NaCl) . Lysozyme was added and the mixture 
was left stirring at 4°C for an hour after which it had become 
thick and glutinous. Lysis was effected by placing the mixture at 
37°C for 5 minutes. The lysed cells were centrifuged (12,000g, 1 
hour, 0°C) give a bright yellow slightly viscous supernatant and a 
thick, viscous brown pellet. An equal volume of 8 M urea buffer 
was added to the pellet, and mixed in with a tissue homogeniser, 
followed by stirring at 4°C for 3 hours until the pellet was fully 
resuspended. This was then centrifuged to give a thick brown 
supernatant. 
The question now arose as to how to remove the DNA from the 
extract to facilitate further protein purification . Chromatography 
was chosen in preference to alternative methods (such as addition 
of Polymin P, spermidine, DNase, or AmS~4) - it was decided to 
load the supernatant onto a BioRex column, and then to wash the 
DNA through , before recovering the protein. 
A small sample of the supernatant was loaded onto a small 
column (2 x 0. 7 cm) equilibrated with Buffer A. This was washed 
extensively with 0.1 M NaCl , and finally eluted with 1 .1 M NaCl. 
SOS-PAGE of the fractions showed that whilst most of the protein 
in the extract passed through the column, the eluate consisted 
predominantly of a mixture of around six low molecular weight 
proteins between 10 and 18 kdal (Figure 3.8). Of these, two 
comigrated with the roHD in s/n4+, and one with HU 1/11. 
However, the supernatant was too viscous to permit a ready 
scaling-up of this chromatography, so it was decided to dilute the 
extract, before mixing it with the BioRex resin (50 ml) in a beaker. 
The resin was washed thoroughly with 0.1 M NaCl (Buffer A) on a 
glass sinter before loading it into a column (12 x 2.5 cm) and 
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Figure 3.9: SOS-PAGE and elution profile of Mono-S column 
loaded with fractions from Figure 3.8. 
Protein extract: Fractions 71-79 eluted from BioRex column (see 
Figure 3.8) in 2 M NaCl/Buffer C (lanes A and B in Figure 3.8) were 
dialysed against 50 mM CAPS pH 10.3 (Buffer D)/0.2 M NaCl 
(= Load). 
Mono-$ chromatography: The pre-packed 5 ml Mono-S column was 
used with the Pharmacia FPLC apparatus. The column was pre-
equilibrated with 20 ml 0.2 M NaCl/Buffer D. The above protein 
extract (20 ml) was applied to the column , which was then washed 
with 15 ml 0.2 M NaCl/Buffer D (= fractions 1-10 in the elution 
profile) . A steep salt gradient was developed: 5 ml 0.2 to 0.5 M 
NaCl/Buffer D (= fractions 11-14). This was followed by a flatter 
gradient: 60 ml 0.5 to 0.9 M NaCl/Buffer D (= fractions 15-54). The 
A2aonm of all 1.5 ml elution fractions was measured, and plotted 
to give the elution profile. 20 µI samples of these fractions were 
electrophoresed on 18% SOS-PAGE. The sin 4+ marker (see Figures 
3.2 and 3.4) is shown. The protein in Fraction 31, which has a 
similar Mr to this marker, was shown by protein sequencing to be 
the rough homeodomain. A sequence could not be obtained for the 
protein in Fraction 30. 
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Figure 3.9: SOS-PAGE and elution profile of Mono-$ column 
loaded with fractions shown in Figure 3.8. 
-HD 
eluting bound protein from it with 2 M NaCl. SOS-PAGE of the 
eluate consisted of a similar mixture of low molecular weight 
proteins to that eluted from the above column however, there were 
many other higher molecular weight proteins (> 30 kdal) now 
evident in the fraction. Some of these additional proteins may 
still be present due to the relatively faster removal of urea from 
the resin washed on the glass sinter - perhaps they were 
renaturing as the urea was removed. 
To test this possibilty, the eluate was dialysed to low salt 
and loaded onto another BioRex column (6 x 2.5 cm; see Figure 3.8) , 
which was washed with 4 M urea solution. The column was re-
equilibrated with 0.1 M NaCl, Buffer A before raising the pH with 
CAPS (Buffer C) to 10.0 (Figure 3.8). This shift to higher pH was 
designed to remove more proteins by changing their charge , and 
hence, affinity for the column. At pH 10.0, the column was finally 
eluted with a 0.1 to 2.0 M NaCl gradient. SOS-PAGE of the various 
fractions (Figure 3.8) showed that both the passage of urea through 
the column, and raising the pH of the column, resulted in the 
elution of the high molecular weight protein. The NaCl elution 
gradient at pH 10.0 results in a similar mixture of low molecular 
weight proteins to that obtained with the smaller column (Figure 
3.8). 
Samples of this latter eluate were applied to a Mono-S 
column at different pH's (7.3 and 10.0), with a 0.1 M to 1.1 M NaCl 
gradient. SOS-PAGE of the elution profile showed there to be a 
fraction at pH 7.3 containing two proteins migrating adjacent to 
the roHO marker, and some other contaminating proteins; at pH 
10.0, the equivalent fraction contained just these two proteins in 
roughly equal quantities . To separate these two proteins, Mono-S 
chromatography was repeated at pH 10.3 with a stepped NaCl 
gradient (0.2 to 0.9 M; see Figure 3.9). The two proteins were 
successfully separated, eluting at 0.65 M, and 0.66 M NaCl (Figure 
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3.9). The N-terminal sequence of the first 16 amino acids of the 
upper protein (0.66 M NaCl; determined by Dr. Shaw), confirmed its 
identity as the rough homeodomain . A sequence was not obtainable 
for the other protein. 
The concentration of the roHD was determined by amino acid 
composition analysis (Dr. Shaw). This showed there to be a total of 
630µg of the homeodomain in the 1.5 ml fraction. This had been 
obtained from an equivalent of 2 litres of the induced cell culture. 
Thus, the urea extraction procedure was successful in 
purifying the roHD . However, its yield of 315µg per litre of 
induced culture is not particularly good, especially when compared 
to the Antp HD yield of upto 4 mg per litre (Muller et al.1988) . 
Although considerably larger quantities of roHD were required for 
the proposed studies of the protein structure, it was considered to 
be more profitable to postpone further purification of the protein 
until an investigation of the DNA-binding properties of the roHD. In 
this way, a specific DNA-binding assay might be developed which 
could facilitate the necessary bulk purification of the roHD. The 
study of the roHD's binding to various DNA sequences, and the 
prospects for an assay are discussed in the next chapter. 
3,3 Materials and Methods, 
3.3.1 SOS-PAGE. 
This involves the denaturing of proteins with the ionic 
detergent, sodium dodecyl sulphate (SOS), and their subsequent 
separation by mass/charge ratios on an SOS-denaturing 
polyacrylamide gel. 
Cracking Procedure : The bacterial cell culture was usually spun 
down and resuspended in SDS-lysis ('cracking ') buffer (50mM OTT, 
1.2% SOS, 0.5M Tris base, 60% bromophenol blue/glycerol) to an 0.0. 
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of 10, i.e. if the optical density (0.0.) at 595nm (A595) = 1.0, then 
the cells were resuspended in 1/10th volume crack. This was 
heated at >90°C for several minutes and 25-40µ1 loaded per lane of 
the gel with a Hamilton syringe. 
SDS-polyacrylamide gel: The gel consisted of a lower separating 
gel of an appropriate acrylamide concentration (according to the 
molecular weight which one wishes to focus on, e.g. 7%=40 to 200 
kdal; >15%=5 to 50 kdal), and a higher stacking gel (usually 5% 
acrylamide) in which the loading wells are formed (Laemmli 1970). 
Separating gel: e.g.15%: 15ml 30% acrylamide solution (29:1 
acrylamide:bis) + 7.5ml 1.5M Tris HCI pH 8.8 + 0.3ml 10% SOS+ 
100µ1 10% Ammonium persulphate (APS) + 1 OµI N,N,N',N'-
tetramethylethylene diamine (TEM ED) + 7 .1 ml water. 
This was poured into a 1.5mm x 200mm x 150mm vertical glass 
mould and left to set. With a gradient gel, e.g. 7 to 15%, the 7 and 
15% solutions were gradually mixed during loading such that the 
separating gel goes from 7% at the top to 15% at the bottom. 
Stacking gel: 0.833ml 30% acrylamide + 1.25ml 0.5M Tris HCI pH6.8 
+ 50µ1 10% SOS + 40µ1 10% APS + 4µ1 TEMED + 2.8ml water. This 
solution was poured on top of the set separating gel. Combs with 
an appropriate number of well moulds were placed into the 
stacking gel mix (12 to 18 wells), and it was left to set. 
Molecular weight markers (kdal} : 
Pharmacia Low Mwt. standards: 94 , 67, 43, 30, 20.1, 14.4. 
Bio Rad Pre-Stained standards (kdal): 130, 75, 50, 39, 27, 17. 
Gel running: The gel was placed into the electrophoresis apparatus 
(Berger and Kimmel 1987), and immersed in running buffer (3.6g 
Tris, 17.3g Glycine, 0.6g SOS, H20 to 600ml). Once protein samples 
were loaded, the gel was run at 80 volts until the dye had 
traversed the stacking gel, and 120 volts for the separating gel; 
although voltage was varied between 20 and 150 volts to vary the 
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speed of electrophoresis as desired. 
Stajnjng: Gels were stained and fixed by placing them in a 
Coomassie Blue solution (0.5g Coomassie Blue, 20% methanol, 7.5% 
acetic acid) for -1 /2 hour. The gels were destained in 10% acetic 
acid, 10% ethanol until the protein bands were distinct. The 
stained gel was photographed with a Polaroid land camera using 
Type 55 film. 
3.3.2 Bacterial Cultures. 
The plasmid-bearing clones were maintained as DMSO stocks 
at -70°C (1 ml culture + 8% dimethyl sulphoxide in a sterile bottle) . 
They were grown by streaking out on LBAmp agar plates and grown 
at 37°C (30°C if temperature sensitive , as in the case of pJG(2)). 
Induction Procedure: A small (10-50 ml) overnight LBAmp culture 
was grown at 30°C. This was diluted 20-fold with LBAmp and 
grown at 30°C until in the exponential growth phase (A595 >0.5). 
The exponential phase culture was induced by transferring it to a 
bath at 42°C. The culture was then grown at this temperature for 
varying times before harvesting (usually 2 hours). (One litre 
induced cultures were usually grown by incubating a 500ml culture 
at 30°C before adding the remaining 500ml of LBAmp (preheated to 
54°C) when the A595 > 1.0). The cultures were centrifuged at 6000g 
for 1 O minutes at 4°C. The cell pellets were resuspended in the 
appropriate buffer for lysis. 
The 40 litre preparation was carried out in a batch fermenter. 
3.3.3 Lysis Procedures. 
The cells were lysed to release their contents using one of 
three methods. 
French Press: The cell pellet was resuspended in lysis buffer as 
indicated. Section 3.2.2 used Buffer A (= SOmM phosphate pH7.5), 
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10% sucrose, 2mM EOTA, 1 mM OTT, 0.4M NaCl. pH 9.0 was attained 
with Buffer B = 20mM glycine. Varying concentrations of NaCl were 
used. For French Pressing, the cells were usually resuspended to 
A595 = 50. This suspension was placed in the French Press and 
crushed at pressures usually in excess of 10,000 psi. The resulting 
lysate was centrifuged at 1 2000-160009. 
Lysozyme/Freeze/Thaw: Cells were resuspended in buffer e.g . 
25mM Tris pH~, 10% sucrose, SOmM NaCl, 2mM OTI, 0.25mM PMSF. 
Egg white lysozyme was added to a concentration of 1 OOµg/ml or 
1 mg/g cells. The solution was mixed at 4°C for >1 hour. In the 
earlier treatments, the mixture was frozen in liquid nitrogen and 
then thawed. Subsequently , the mixture was simply warmed to 
37°C for a five minutes. The lysates were centrifuged as indicated. 
Sonication : The cells were resuspended in buffer (50mM Tris pH7.5, 
10% sucrose). A sonication probe was placed in the suspension and 
sonication was usually carried out at 100 Watts in four 1 minute 
bursts at 4°C. The lysate was then centrifuged , typically at 
12000g. 
Post-Lysis Treatments. 
Po!ymjn P. This was added dropwise as a 10% solution to give a 
final concentration of 0.1 to 1 % as indicated. The solution was 
mixed for 15 minutes at 4°C before the white flocculent 
precipitate formed was spun down by centrifugation. 
Ammonium Sulphate This was added to the lysate solutions as a 
solid to give a final concentration of 10 to 95% of saturation 
where saturation is 767g per litre . 
Urea Extraction of the Pellet. This was with an SM urea buffer 
(10mM Tris 7.4; or Buffer A) . A tissue homogeniser was used to 
thoroughly resuspend the pellet. 
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3.3.4. 14C-Arqinine Incorporation. 
This entailed growing the bacteria in an appropriately 
supplemented minimal media in order to maximise the uptake of 
the added arginine. An AN1459/pJG(2) LBAmp culture at 30°C was 
grown until A595 >0.4. This was centrifuged and the cells were 
resuspended in an equal volume of supplemented minimal media (= 
5ml 20x56 solution (40g/l (NH4)2S()4 ; 212g/l K2HP04 ; 122g/l 
NaH2P04 , pH 7.1) + 0.1 ml 1000 x's Trace salts (0.01 mM ZnS04, 
0.001 mM (NH4)6M°7~4 . 0.4mM H3 f30..3, 0.03mM CoS04, 0.01 mM 
CuS04 , 0.08mM MnS04, 2mM FeCl2, 2.5mM CaCl2, 1 OmM citric acid) 
+ 0.1 ml Vitamin B + 0.1 ml 1 M MgCl2 + 2ml 2M glucose+ 1 M 1% 
Theonine/0 .5% leucine + 1 ml 0.5% lsoleucine/0.5% valine. Water to 
100ml. Ampicillin was added (25µg/ml). This was grown at 30°C 
for 15 minutes, then 1 ml aliquots were induced by growing at 42°C. 
50µ1 (14C]-Arginine solution was added at varying times after 
induction (50µCi/ml from ·Amersham). The cells were pelleted 30 
minutes after addition of arg inine, resuspended in SDS-lys is buffer 
at A595 =10.0, and separated by electrophoresis on 20% SOS-PAGE 
gels until the dye reached the bottom. The gel was then dried under 
vacuum and autoradiographed for 2 days. 
3 3,5 Western Blottjng/lmmunoprecipitation , 
These methods are discussed in Chapter 5. 
3 3 6 PVDF Blot/Protein Sequencing. 
PVDF blot (Matsudiara 1987}-This was essentially a Western blot 
onto polyvinylidene difluoride (PVDF) rather than nitrocellulose 
membrane . AnSDS-PAGE gel (10 to 13%) was run with the protein 
extracts and molecular weight standards . The PVDF membrane 
(lmmobilon from Millipore) was pre-wetted in methanol, rinsed in 
water and finally equilibrated in transfer buffer. A blotting 
55 
sandwich was assembled with, from the anode end : scotchbrite, 
3MM paper, the gel, two sheets of PVDF, 3MM paper, scotchbrite. 
This was loaded into the BioRad Transblot apparatus with the 
blotting buffer (1 OmM 3-(cyclohexylamino)-1-propane sulphonic 
acid (CAPS) pH11.0, 20% methanol). The blot was at 0.2Amps for 1 
hour at 4°C . The membrane was stained in Coomassie blue for 5 
minutes. It was then destained in 40% methanol, 10% acetic acid 
overnight, after which it was air-dried. 
Protein Sequencing: This was done by Dr Dennis Shaw, JCSMR, A.N.U. 
using an Applied Biosystems Model 477 Pulsed Liquid Phase Protein 
Sequencer with on-line 120 PTH Analyser. 
The N-terminal sequence of the roHD in Section 3.3.4 was obtained 
with 50 pmol of the protein , with a repetitive yield of 95% per 
residue. 
3.3 .7 Ion-Exchange Chromatography. 
Two cation-exchange resins were used in these experiments: 
BioRex A-70 (BioRad), and Mono-S (Pharmacia). The BioRex A-70 
resin was soaked and packed into columns with a bed volume from 
2 to 60ml. Mono-S came as a pre-packed 5ml column for use on the 
Pharmacia Fast Protein Liquid Chromatography (FPLC) system. 
Thus, whilst the BioRex columns were run with peristaltic pumps , 
and salt gradients were mostly set up using salt bridges between a 
low and high NaCl solution, Mono-S columns were run with 
computer-controlled pumps and NaCl gradients. Typically, the 
column resins were pre-equilibrated prior to loading by washing 
with 2 volumes of high salt buffer and at least 2 volumes of low 
salt buffer. Samples were loaded directly onto the columns. Once 
the columns were loaded, they were extensively washed with low 
salt buffer until the solution coming off the column had returned to 
the A280 prior to loading as shown by a U.V. path monitor and a 
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chart recorder. The appropriate NaCl gradient was now run, usually 
from a linear low salt (0.1 M NaCl) to high salt (1.1 M) buffer. 
Buffers used were Buffer A = SOmM phosphate pH7.4 
(NaH2 P()4 /Na2HP04 ); Buffer B = 20mM glycine pH9 (glycine, NaOH); 
Buffer C = 10mM CAPS pH 10.0 (CAPS, NaOH); or Buffer D = SOmM 
CAPS pH 10.3 (CAPS, NaOH) . The eluates were collected in a 
fraction collector as 1 ml fractions for small columns, upto 10ml 
for large columns. 
The elution profile shown by the U.V. path monitor was 
checked by obtaining the A280 of various samples in a UV 
spectrophotometer. 
Dialysis: All dialysis steps used Spectra/Par molecular dialysis 
membrane tubing 3 (Spectrum Medical Industries) with a molecular 
weight cut-off of 3 ,500. Dialysis was typically in 2 x 1 litre of the 
stated buffer. 
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CHAPTER 4. 
DNA-Binding Studies. 
4 .1 Introduction 
4 1 1 Principles of DNA-Protein Interaction 
The determinants of DNA-protein interaction relate to a 
number of factors including the DNA and protein structure, their 
relative concentrations, and the ionic environment, the process 
being comparable to the binding of any ligand (whether an 
enzymatic substrate or allosteric effector) to a protein molecule. 
Two aspects of the DNA structure are crucial 
determinants of its specific interaction with DNA-binding 
proteins. First, the sequence-dependent polymorphism of DNA 
allows the protein to rec~gnise structural features, both global and 
local, of the double helix in addition to direct interactions with 
individual base pairs. The relative contributions of these two 
components is highly variable, ranging from such proteins as those 
in the core nucleosome particle for which structural recognition is 
dominant, to the ).. repressor where selectivity is determined 
principally by base-specific interactions (Drew and McCall 1988; 
Travers and Klug 1987). In between, there are proteins such as 
catabolite activator protein (CAP) and the phage 434 repressor, for 
which both factors are significant (Travers 1989). 
The other major property of DNA is its conformational 
flexibility. This is utilized in interactions with proteins both to 
promote enzymatic manipulation and also to allow a snug fit 
between the protein surface and the double helix. Here, the DNA is 
not always passive, for example, it appears that in the case of the 
histone octamer and the trp repressor, the sequence of the DNA 
binding site can also influence the conformation of the bound 
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protein (Travers 1989). 
The variations in the DNA then are primarily related to the 
sequence of the nitrogenous bases, although there is evidence for 
non-sequence-specific protein-DNA interactions (e.g. with 
histones) (Drew and Travers 1985). The selective binding of a 
protein to a particular DNA sequence requires the recognition by 
the protein of an ensemble of steric and chemical features that in 
total delineate the binding site. 
Most of the DNA in cells is thought to exist in the B form , 
in which the helix is twisted asymmetrically to give a smaller 
minor groove and a larger major groove (Drew and McCall 1988) . In 
principle, the DNA sequence can be "read" directly by hydrogen-
bonding from the major groove of B form DNA without disruption 
of the double-stranded structure. The hydrogen-bond donors and 
hydrogen-bond acceptors of the bases are exposed in both the 
major and minor grooves_, although from a steric viewpoint, the 
major groove is favoured for interaction. With a reasonable degree 
of flexibility in the protein structure, and utilizing only hydrogen 
bonding to the bases, the formation of a minimum of two hydrogen 
bonds in the major groove is necessary to unambiguously read the 
identity of a base pair (Seeman et al.1976) . 
Thus, it has been noted that the detection of a hydrogen-
bond acceptor at the acceptor position on a thymine (T) does not 
distinguish the T from a G (guanine). In the minor groove, A 
(adenine) and T are indistinguishable and G and C (cytosine) are 
barely distinguishable; however, an A-T (or T-A) base pair can be 
distinguished from a G-C (or C-G) base pair. The methyl group on 
thymine provides an additional sequence recognition element, that 
can be identified from the major groove. 
Since the major groove of B form DNA will nicely 
accommodate an a-helix of a protein (an a-helix is about 12 ft. in 
diameter, and the major groove is 6-8 ft.. deep, and about 12 ~ 
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wide), then it is proposed that suitable hydrogen bond-forming 
amino acid side-chains on an exterior face of the helix should be 
capable of "reading" a DNA sequence (Schlief 1988). 
Sequence information can also be expressed by means of 
structural inhomogeneties along the DNA helix due to the base 
sequence. Such sequence-dependent structural variations in the 
repeating units along the DNA helix have been shown by X-ray 
crystallography of synthetic oligonucleotides (Drew 1988) . Each of 
the repeating units of phosphate-sugar-base along one strand of 
DNA possesses six bonds about which rotation is possible, in 
addition to the various pucker conformations of the sugar ring. The 
helical twist from one nucleotide to the next, the tilt of a base 
pair around an axis within the plane of the hydrogen bonds between 
the bases, the propeller twist of one base with respect to the other 
in a base pair, and the buckle of the bases out of one plane after 
removal of the propeller pitch, all vary from one base pair to the 
next along the DNA. 
Thus, it ought to be possible for a protein "reading" the 
DNA sequence to ignore the chemical or hydrogen bonding 
differences between the four bases along the DNA (see above) , and 
instead to read information directly or to bind to a specific site by 
recognition of the overall structure generated by a sequence, e.g. by 
detecting the precise positions of phosphates along the DNA 
backbone (Schlief 1988) . 
As discussed earlier, proteins seem to show a wide 
variability in their interactions with DNA, and so may read the DNA 
sequence by utilizing both the pattern of base-specific hydrogen 
bonding and methyl groups, and by recognising the overall 
structure. 
A number of general points have been made regarding the 
structure of proteins capable of sequence-specific binding to DNA. 
Such proteins usually have a regulatory function, and hence must 
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possess great selectivity for the correct binding site, binding with 
high affinity to the correct site and with relatively low affinity to 
most other sites. It has been suggested that this binding 
selectivity can be increased for a monomeric DNA-binding protein 
by the formation of multimers (Schlief 1988). This is explained in 
terms of the amount of binding energy a protein generates when it 
makes a fixed number of hydrogen bonds and van der Waals 
interactions with the DNA. In the process of binding, the protein's 
centre of mass must be located properly with respect to the DNA 
site and the protein must assume the correct angular orientation . 
It is also likely that the protein and DNA undergo conformational 
fluctuations, the assumption being made that only a subset of the 
protein's conformational states is capable of binding to the DNA 
site. This conformational flexibility serves to reduce the 
effective concentration of the protein on the one hand, and requires 
binding energy to drive t_he protein into the correct conformational 
state on the other. Thus, with a fixed set of interactions, binding 
can be increased by any means that holds the protein in the correct 
orientation , or that maintains the protein in the correct 
conformational state. 
It has been found that many protein-binding sites on DNA 
are symmetric, and that the proteins which bind to these sites 
possess either two or four identical subunits (e.g. Cro , lac 
repressor; Pabo and Sauer 1984). A dimeric protein binds more 
tightly than is indicated by the affinity of the individual 
monomers. For a typical monomeric protein, there is a substantial 
decrease in entropy required for it to assume the correct position 
and orientation for binding. However, similar entropic 
requirements apply in positioning and orienting a dimer. Thus, for 
a dimer, the binding of one monomer correctly positions the second 
monomer so that its binding interactions can be used primarily to 
increase the tightness of binding rather than in properly locating 
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or orienting the protein. The extra affinity provided by two 
connected binding domains has been referred to as cooperativity. 
The interaction energy between monomers generates cooperativity 
in binding so that the concentration of monomer required to 
achieve binding to both sites is lowered. Thus, if a protein which 
binds tightly is one that is more often bound than unbound, a dimer 
binds tightly because when one monomer momentarily dissociates 
from the DNA, the other monomer is still likely to remain 
associated (Ptashne et al.1982). 
Another consideration is the displacement of ions by DNA-
binding proteins (Schlief 1988). This arises because of the 
electrostatic attraction between the anionic phosphate groups of 
the DNA backbone and cations or molecules in solution (or in the 
cell). This serves to increase the local concentration of the 
charge-neutralizing cations along the DNA backbone. Since DNA-
binding proteins are often themselves positively charged in their 
binding regions, this will tend to interfere with the binding 
process. If, as a protein binds to a specific site on the DNA, it 
displaces the neutralizing charges, then they can be considered to 
be part of the binding reaction. The equilibrium binding constant 
depends not only on the concentration of the protein and DNA, but 
also on the concentration of the charge-neutralizing ion. 
Since as many as 10 to 15 such ions may be displaced as a 
protein binds to DNA, the affinity of a protein for DNA can vary 
markedly with ionic strength. For example, the affinity of lac 
repressor for the lac operator DNA has been found to reduce in 
vitro by a factor of 20 with an increase in NaCl concentration from 
0.1 to 0.2 M (Schief 1988) . However, in vivo, it has been suggested 
that there may be compensating factors. For example, the main 
ions near the phosphate of DNA could be polycations whose 
concentration is not so readily varied; and many proteins may bind 
ions to themselves during the binding process to compensate for 
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those displaced from the DNA (Schlief 1988). 
Finally, it appears that sequence-specific DNA-binding 
proteins may possess one of several highly-conserved types of 
. binding domain with which they recognise and interact with DNA; 
for example, "zinc fingers", the "helix-turn-helix" motif, "leucine 
zippers" and "POU" domains (Schlief 1988; Pabo and Sauer, 1984; 
O'Shea et al.1989; ·He et al.1989) . 
The first of these to be structurally characterized, the 
"helix-turn-helix" motif, consists of a number of a-helices, 
notably two short a-helices with a short, sharp ~-turn, one of 
which lies in the major groove of the DNA, the other lying across it 
and also apparently interacting with the DNA. This motif, which is 
proposed for the homeodomain, is discussed in the next section . 
4.1 .2 The a-Helix-6-turn-a-helix Motif. 
The first site-sp·ecific DNA-binding proteins whose 
structures were determined by X-ray crystallography were the 
CAP protein of E. coli, lamdba Cro, and the N-terminal domain of 
lambda repressor (Pabo and Sauer 1984). These prokaryotic 
proteins bind as dimers to DNA sequences about 15 to 20 base pairs 
long, and the binding sites often have dyad symmetry (see Figure 
4.1 a)). Although these were crystallised in the absence of DNA, the 
DNA-contacting portion of the dimeric protein was ascribed to 
surface protusions separated by 35 A (the same centre-to-centre 
distance that separates successive major grooves of B DNA) and 
orientated at approximately the same angle as the major groove in 
DNA. This protusion consists of a short a-helix of 8 amino acids 
(which could be oriented across the major groove), a three-residue 
turn, and a second helix of 9 amino acids that was predicted to lie 
partly within the major groove where it could make specific 
residue-base interactions. This second helix was termed the 
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Figure 4.1 a}: Illustration of the interaction of the helix-
turn-helix motif of DNA-regulatory proteins with right-
handed B-form DNA (from Ohlendorf and Matthews, 1983). 
The figure illustrates the general nature of the interaction 
presumed to occur in many DNA-regulatory proteins between a 
common a.2- a.3 helical unit and right-handed 8-form DNA. The a.-
carbons from helices two and three of the A Cro-operator complex 
are shown. The A. Cro protein binds the operator site as a dimer. 
There have been a number of crystallographic studies of 
prokaryotic protein-DNA complexes which clarify this structural 
interaction (Jordan and Pabo, 1988;Aggarwal et al.1988) 
Figure 4.1 b}: Diagrams showing the interaction of the hetix-
tu rn-helix of ),. repressor with its operator DNA {from 
Jordan and Pabo, 19a·s}. 
These diagrams are based on the crystallographic studies of the 
;\. repressor-operator protein-DNA co-crystal by Jordan and 
Pabo, 1988. 
A) Stereo diagram showing the residue side-chains that 
interact with base pairs in the major groove. The backbone of the 
protein is shown from residues 1-58, and the N-terminal arm begins 
in the lower right corner of the figure. Side-chains critical to the 
interaction, and the backbone of helices 2 and 3, are emphasised with 
bo ld lines. 
B) Sketch based on A) showing hydrogen bonds in the operator 
consensus half-site. The major groove is readily visible for base 
pairs 1 to 3; in the lower half of the figure, the minor groove is 
nearest to the viewer. 
C) Sketches showing the hydrogen bonds between side-chains 
and base pairs 2, 4, and 6 in B) 
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Figure 4.1 b): Diagrams showing the interaction of the helix-turn-helix of )i. repressor 
with its operator DNA (from Jordan and Pabo, 1988). 
recognition helix (Figure 4.1 ). 
Structures have been derived from co-crystals of the 
DNA-binding domain of a number of proteins with their binding 
sites in DNA, e.g. phage 434 repressor (Anderson et al.1987; 
Aggarwal et al.1988), and ).. repressor (Jordan and Pabo 1988; 
Figure 4.1 b)). These showed that the helix-turn-helix does indeed 
contact the DNA, with the amino terminal end of the recognition 
helix (helix 3) pointing into the groove. Here, parts of the outer 
face of the helix contact the edge of bases in a major groove. The 
subunits of these dimeric proteins contact the DNA from one side; 
thus, the binding site of phage 434 repressor, for example, 
spanning successive major grooves, with a minor groove in 
between, is 14 base pairs long (Aggarwal et al.1988). 
The A. repressor protein interacting with one of its 
operator sites (Jordan and Pabo 1988; see Figure 4.1 b)) forms a 
complex which is stabiliz~d by an extensive network of hydrogen 
bonds between the protein and the oxygens on phosphates in the 
sugar-phosphate backbone. Several of the protein's side chains 
form hydrogen bonds with sites in the major groove (see Figure 
4.1 b)), and hydrophobic contacts also contribute to the specificity 
of binding (Jordan and Pabo 1988). 
It appears that the bases of the minor groove of the 
binding site of A. and phage 434 repressor must be A or T, but not G 
or C. This was thought to be because A and T permit the DNA to be 
overwound in this area, narrowing the minor groove and allowing 
the contacted regions to be brought into a more favourable relative 
orientation (Anderson et al.1987). Phage 434 repressor makes 
three or four hydrogen bonds to phosphates, primarily with peptide 
amino groups. Three glutamines in the recognition helix at 
positions 1, 2 and 6 seem to make the primary contacts to the 
bases, the first forms two hydrogen bonds to a base, the second 
makes a hydrogen bond and has a van der Waals interaction with the 
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methyl group on a thymine, and the last makes a single H-bond to 
each of two consecutive bases (Anderson et al.1987; Aggarwal et 
al. 1 988). 
The structures of CAP, Cro, 'A. repressor and 434 repressor 
in solution display significant differences in the orientation of 
their recognition helices relative to the major groove (Schlief 
1988). Thus, the structure of Cro is most compatible with the 
recognition helix being parallel and tangential to the major groove 
of DNA whilst, in 'A. repressor, the amino terminal end of the 
recognition helix tends to point inward toward the DNA and thus, 
its more important DNA contacts derive from amino acids near this 
end of the helix (Schlief 1988; Jordan and Pabo 1988). 
It was noted that the amino acid sequences of the helix-
turn-helix regions of Cro, 'A. repressor, and CAP are similar to each 
other, and to a number of other bacterial and yeast DNA-binding 
proteins (Pabo and Sauer 1·984). It was such sequence homology 
which first gave an indication of the likely structure and function 
of the homeodomain (Laughon and Scott 1984). 
4 1 3 Homeodomaios as DNA-biodioo Motifs, 
The amino acid sequence towards the N-termini of the 
proposed homeodomains for fushi tarazu (ft z), Antennapedia 
(Antp), and Ultrabithorax (Ubx) was found to resemble the 
conserved pattern of amino acids in the helix-turn-helix region of 
the prokaryotic DNA-binding proteins (Laughon et al.1984). It was 
also noted that, given that 30% of the residues in the homeodomain 
are basic, it is highly likely to associate with nucleic acids. 
The amino acids considered to be important for the 
conformation of the putative helix-turn-helix structure, and hence, 
those which are conserved, were identified as follows (Laughon and 
Scott 1984): in the first 8 amino acid helix (helix 2 in the 
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Figure 4.2: The helix-turn-helix regions in several 
homeodomains and prokaryotic DNA-binding proteins. 
The helix-turn-helix motif within the proteins listed is given 
in the one-letter amino acid code. Dashes show residues which are 
identical to Antennapedia. The sequences of the homeodomains are 
from Scott et al.(1989) (rough to cut, all of these except OCT-2 are 
Drosophila proteins); those for the prokaryotic DNA-binding 
proteins ().. repressor to CAP), and the yeast MAT a-1 protein are 
from Laughon and Scott (1984). Helix 2 in the prokaryotic DNA-
binding proteins and the yeast MAT a-1 protein is 8 amino acids 
long; helix 3 is 9 amino acids in length. In the homeodomain, both 
of these helices are longer, the structure of the Antennapedia 
homeodomain (Qian et al.1989; see Chapter 6) shows them to be 11 
amino acids in length, and this is the numbering used. 
There have been a number of classifications of the 
homeodomains into classes on the basis of their amino acid 
homology. Scott et al.(1989) consider the entire 61 residues of the 
homeodomain to produce 11 classes: ANTP (including Antp, Ubx, and 
f tz); DFD (includes Dfd); labial; Abd B; en (includes engrailed); eve 
(includes even-skipped); prd (includes paired); hox 1.5; hox 2.4; POU 
(includes OCT-2); and unclassified (including ro, bed, and cut). 
Evidence that a large degree of homeodomain DNA-binding 
specificity is conferred by residue 9 of the recognition helix has 
led Hanes and Brent (1989) to propose 5 classes: Antp, with Gin at 
residue 9 (including Antp, Ubx, ftz, en, eve, Dfd, and ro); bed, with 
Lys; prd, with Ser; cut, with His; and POU, with Cys. 
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- - - - - - M - - -
fushi tarazu - - - - - D - - N - - s - s ,_ 
engrailed E - - - a a L s s E - G - N I- A - - - - - - - - K 
even-skipped 
-
p -
- C - L - A Q - IN - P I- s T - - V -
OCT-2 (POU) S E E I L L - - E Q - IH M E IK E V V R V - - C -
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- A - GIT A - V - - - - K -
Deformed 
- - - - - - - - - T - V - s ,_ 
paired I y T - E - L - Q R T N - - - A R - a V - - s -
cut V G T I E F L - N E - G - A T - T - T N - - H - H 
A repressor OE SVAPK M G M G a s G V G A L F N 
A Cro Q T KT A K P L G V y a s A I N K A I H 
434 repressor a A E L A a K V G T T a a s I E Q L E N 
CAP R Q E I G Q I V G C s R E T V G R I L K 
MAT a-1 K E E V A K K C G I T p L a V R V W F I 
1 2 3 4 5 6 7 8 1 2 3 1 2 3 4 5 6 7 8 9 
prokaryotic proteins), there is an alanine at position 5, and a 
hydrophobic residue at positions 4 and 8; for the correct formation 
of the P-turn, the side chains need to be small in the last residue 
of helix 2, and the first two of the turn, the latter of these 
residues being hydrophobic; in helix 3 (the 9 amino acid 
"recognition helix"), there is an isoleucine or a valine at position 
4, with a hydrophobic residue at position 7. It is thought that the 
last residue of the turn and residues 1, 2, 3, 5, 6, 8 and 9 of the 
recognition helix are those whose variability serves to determine 
the specificity of DNA binding (Figure 4.2). 
Thus, it was considered that the homeodomain bore the 
helix-turn-helix motif and hence, it was presumed that it would 
act as a sequence-specific DNA-binding domain in the proteins in 
which it occurred. It was also predicted that, since the specificity 
of DNA binding was determined by the side groups protuding from 
the residues of the recognition helix into the major groove, and 
that groups were identical in this region for ftz, Antp, and Ubx 
homeodomains, all three should recognise and bind to the same DNA 
sequence. 
The first functional evidence for homeodomains as 
sequence-specific DNA-binding regions came with the use of P-
galactosidase fusion proteins bearing the homeodomain from 
engrailed ( en) (Desplan et al.1985) . Only those fusion proteins 
with the homeodomain , as against other regions of the en protein, 
displayed sequence-specific binding, although the actual sequence 
recognised was not characterised. Subsequent DNase I footprinting 
studies with fusion protein/homeodomain hydrids and, more 
recently, with the entire protein encoded by cDNAs, have revealed 
that there are a number of DNA sequences to which the 
homeodomain will bind in vitro, all of which have been found in the 
promoter regions of genes. These sequences are summarised in 
Table 4.1 (Scott et al.1989). 
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Consensus sequence 
TCAATTAAAT (NP) 
(TAA)n 
TTTGACT 
TCTAATCCC 
TTTATG 
ANNNNCATTA 
ATGCAAATNA/ 
TNATTTGCAT 
T T TATNCAT A A 
(TAATCG)n 
TCAGCACCG 
AAGGGGTTAA 
ACNCAAAAAANTA 
Specifically bound by 
eve,prd,en,zen (Hoey and Levine, 1988) 
Abd-8, Ubx, OCT-2 (Thali et al.1988) 
en, ftz (Desplan et al.1988) 
X/Hbox 1 (Cho et al.1988) 
ftz, en (Desplan et al.1988) 
Ubx (Beachy et al.1988) 
Antp (Mihara and Kaiser, 1988) 
prd (Treisman et al.1989) 
bed (Driever and Nusslein-Volhard, 1989) 
·cad (Dearo If et al.1989) 
Antp, ftz (Muller at al.1988) 
OCT-1, OCT-2 (Muller,M.M. et al.1988) 
Abd B, Ubx (Thali et al.1988) 
P it-1 (Bodner, 1988) 
Ubx (Beachy et al.1988) 
eve, prd (Hoey and Levine, 1988) 
Kruppel (Treisman and Desplan, 1989) 
Hunchback (Treisman and Desplan , 1989) 
Table 4.1: Homeodomain protein consensus sequences. 
The structure determined by 2-D N.M.R. analysis of the 
Antp homeodomain has indicated that it does indeed possess the 
helix-turn-helix motif, together with a number of other features 
that may be relevant to its DNA binding ability (Qian et al.1989, 
see also Chapter 6). 
The nature of the specificity of the homeodomain has been 
examined by means of amino acid substitutions (Hanes and Brent 
1989), and by homeodomain substitution (Kuziora and McGinnis 
1989). 
It is not known to what degree the homeodomain, as 
opposed to the other regions of homeodomain proteins, confers the 
target specificity observed during Drosophila developmental gene 
regulation (Kuziora and McGinnis 1989). To test the role of the 
homeodomain in determining target specificity, Kuziora and 
McGinnis (1989), replaced the homeobox of the Deformed ( Dfd) 
gene's cDNA with the ho_meobox from the Ultrabithorax ( Ubx) gene. 
The resulting chimeric protein was unable to activate 
transcription in vivo from the Dfd gene in Drosophila embryos (as 
detected immunologically), unlike the normal Dfd protein, which 
autoactivates its transcription unit. Instead, the chimeric protein 
activates ectopic transcription of Antennapedia, a gene normally 
regulated by Ubx, and not Dfd. This experiment indicates that two 
closely related homeodomains can confer two distinct regulatory 
specificities on the same host protein when assayed in the embryo. 
Thus, similar homeodomains (Figure 4.2) can display a significant 
amount of target specificity in vivo. 
The studies of the homeodomain recognition helix by 
amino acid substitution in the bicoid (bed) HD (Hanes and Brent 
1989; Treisman, 1989) parallel those in which the binding 
specificity of the recognition helix of the phage 434 repressor was 
changed to that of the P22 repressor (both in vivo and in vitro) by 
replacement of the external (solvent-exposed) residues of the 434 
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helix at positions -1, 1, 2, 5, 6 and 9 with those found in P22 
(Wharton et al.1985). Similarly, with bed, substitutions were 
made at positions 1, 2, 5, 6 and 9 of the proposed recognition helix 
sequence. Firstly, residues 1 (Thr), 5 (Lys), 6 (lie) and 9 (Lys) were 
all changed to alanines, this being a small residue which does not 
hydrogen bond to the DNA and has been shown not to disrupt other 
helices - only wHh the Lys to Ala substitution at position 9 was 
the ability to bind to the bed site lost. Secondly, these residues 
were changed to those found in the Ubx recognition helix (thus, at 
1, Thr was replaced by Glu; 2, Ala by Arg; and 9, Lys by Gin; 
residues 3, 5, 6, 7, 8 and 10 are the same in both the bed and Ubx 
helices , and 4 is a conserved Val to lie substitution) . It was 
discovered that of these changes, only that at position 9 resulted 
in a change in binding specificity. The modified homeodomain no 
longer bound the bed site, TCTAATCCC, but instead recognised the 
en site, TCAATTAAAT, which is bound by the Antp class of 
homeodomains (Table 4.1 ). Based on this observation, it was noted 
that there are, to date, 5 classes of homeodomains with different 
residues at position 9: the Antp (Gin), the bed (Lys), the paired 
(Ser), the cut (His), and the POU (Cys) homeodomain classes (See 
Figure 4.2). 
Treisman et al (1989) made a series of mutations in the 
helix-turn-helix motif of the paired (prd) protein. prd does not 
recognise sequences bound by ftz or bed (Table 4.1 ). However, they 
also found that by changing a single amino acid at position 9 of the 
recognition helix, the DNA binding specificity was changed . Thus, 
of all the amino acid substitutions generated in the prd helix-turn-
helix HD region, only the changes at position 9: Ser (prd) to Glu 
(ftz ), and Ser (prd) to Lys (bed), resulted in significant changes 
in the binding specificity of the mutant protein. The former 
mutant bound to the NP6 sequence (Table 4.1) as tightly as ftz, and 
the latter bound to the hunchback promoter as tightly as bed. 
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Changing all of the helix-turn-helix except position 9 of the 
recognition helix from prd to ftz only gave a much weaker(< 20 
times) affinity for the NP6 sequence. However, this may show that 
the other amino acids of the helix-turn-helix also exert some weak 
influence on the specificity of the HO (Treisman et al.1989). Thus, 
there is further evidence for the division of the homeodomains into 
classes on the basis of the amino acid at position 9 of the 
recognition helix 
As can be seen in Figure 4.2, the rough homeodomain has a 
recognition helix which closely resembles that of the Antp class. 
Hence one might expect the roHD to display a similar binding 
specificity , even though over the entire homeodomain, they are 
identical at only 56% of residues (66% if conserved substitutions 
are allowed) (Scott et al.1989). 
However, whilst the five classes are proposed on the 
basis of residue 9 of th.e recognition helix, the POU proteins have 
already been shown to be capable of binding to the en (Antp class) 
binding site, TCAATTAAAT (Scheidereit et al.1988; Table 4.1 ), and 
the Ubx and Abdomina/-8 proteins (with an Antp-like Gin at residue 
9) will bind to the mammalian octamer site, ATTTGCAT (Thali et 
al.1988). 
Yet, despite such studies in vitro which tend to indicate 
that similar homeodomains are likely to have similar target 
specificities, the results of the homeodomain substitution 
experiments in the Drosophila embryo described above (Kuziora 
and McGinnis 1989) suggest that these studies considerably 
underestimate the amount of target specificity that similar 
homeodomains can achieve in the context of the developing embryo . 
4.1 .4 Homeodomain Proteins as Transcriptional Activators. 
As noted previously, homeodomains would appear to be 
sequence-specific ONA-binding regions of the proteins in which 
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they occur. Overall, these proteins are thought to play a role in 
differential gene expression. It is thought that they do this by 
acting as transcriptional activators, and evidence for this is 
discussed here. 
A transcriptional activator, as the name implies, is a 
protein which serves to activate the transcription of a specific 
gene or genes. ·such proteins seem to have a number of features in 
common . They possess both a DNA-binding surface and an 
activating region. The sequence-specific DNA-binding surface 
serves to position the protein on the DNA such that the other, 
activating surface, can interact with another protein (e.g. an RNA 
polymerase) to promote the initiation of gene transcription. 
Some generalisations have been made about other 
properties of transcriptional activators, based upon studies of, for 
example, the yeast transcriptional activator, GAL4, and the 
prokaryotic repressors with the helix-turn-helix DNA-binding 
motif (Ptashne 1988; Maniatis et al.1987). Firstly, they tend to be 
modular proteins whose activating and DNA-binding regions are 
interchangeable. Also, whereas the DNA-binding surfaces are 
specific structures, each with a relatively high affinity for its 
cognate DNA-binding site, the activating regions are much less 
precisely defined structures characterized by an excess of acidic 
residues, although there has been a recent report of non-acidic 
activation regions in a eukaryotic transcriptional activator (Tora 
et al. 1989). 
It is thought that a structural motif such as an a-helix 
is essential for the formation of an activating region (Ptashne 
1988). It appears that an activator that works in yeast will also 
work in mammalian, plant and insect cells, provided that the target 
gene has an appropriate DNA-binding site in its promoter region 
(Ptashne 1988). Furthermore, any two of these activators can 
work cooperatively to stimulate transcription. There is variability 
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in the strength of the activating regions such that activators with 
stronger activating regions are capable of exerting their influence 
over greater distances on the DNA (Maniatis et al.1987). However, 
activators with stronger activating regions are likely to be tightly 
controlled (in terms of activating the activator) to limit the 
exposure of these regions in their fully functional form in the 
nucleus until their operation is required (Ptashne 1988) . 
Studies of mutants of the ).. repressor protein , which has a 
dual repressor/activator function, have shown that the protein 
needs to bind to the DNA first in order to be positioned near RNA 
polymerase for the required protein-protein interactions (Ptashne 
1988). Mutants which bind the DNA but fail to activate 
transcription have changes on the repressor surface in the region 
that most closely approaches the polymerase molecule. The 
activating surface of ).. repressor seems to consist of an 
amphipathic a-helix bearing solvent-exposed residues which are 
predominantly negatively charged (Asp or Glu) (there are 
hydrophobic residues along the other surface) (Ptashne 1988). 
Mutants detrimental to the activating function reduce this negative 
charge. Both the P22 and 434 repressor also have this feature. In 
addition , ).. Cro, which has the same DNA-binding specificity as).. 
repressor but does not activate transcription (Pabo and Sauer 
1984), can be made into an activator by substituting acidic 
residues from ).. repressor into the appropriate surface of Cro 
(Ptashne 1988). 
Whilst A repressor possesses both its DNA-binding and 
activating surfaces on the same domain, eukaryotic activators have 
them in different domains (Maniatis et al.1987; Ptashne 1988). 
Domain swaps in eukaryotic activators suggest DNA-binding is a 
"neutral" function, serving to bring the protein's activating surface 
to the vicinity of a gene, whilst the activating region can be in 
either orientation relative to the DNA-binding domain (Ptashne 
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1988). 
Transcriptional activators from many organisms have 
been found to work cooperatively to significantly increase the 
levels of transcription. This has been interpreted as meaning that 
both activators simultaneously interact with a third protein, 
although this would suggest that there are specific protein-protein 
interactions, requiring specific variation in the activating region 
akin to that in the DNA-binding domain (Ptashne 1988). 
The homeodomain-bearing proteins of Drosophila have 
been shown to display sequence-specific DNA-binding activity (as 
discussed earlier), yet their status as transcriptional activators 
in vivo is still not clear. However, three of the POU proteins were 
originally identified biochemically as mammalian transcriptional 
activators binding to identified DNA sequences before it was 
realised that they bore homeodomains. Pit-1 is a protein which is 
expressed exclusively .in the pituitary gland where it activates the 
transcription of the prolactin and growth hormone genes. OCT-2 is 
expressed in lymphoid 8 cells and activates the transcription of 
immunoglobulin genes, whilst OCT-1 is a ubiquitous activator of 
the small nuclear RNA and histone H28 genes (He et al.1989). Both 
OCT-1 and OCT-2 have N-terminal blocks of charged amino acids 
and glutamines which could be activating regions (Sturm et 
al.1988). 
It has been shown that both the Ultrabithorax and the 
Abdominal-8 homeoproteins of Drosophila can activate 
transcription in mammalian cells, their activity and target 
specificity being similar to that of OCT-2 (Thali et al.1988). From 
this work, Thali et al. (1988) conclude that the proteins encoded by 
Drosophila homeotic genes are indeed transcriptional activators 
and that they can function in mammalian cells in the absence of 
any other Drosophila protein. All three homeoproteins are 
considered to be functionally equivalent, in that they stimulated 
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transcription by acting on the same set of target DNA sequences. 
In addition to a role as activators, genetic analyses have suggested 
thafhomeoproteins can act as repressors. Although it is possible 
that some of the observed interactions are indirect, there are 
precedents for eukaryotic regulators that can directly activate or 
repress transcription, depending on the target promoter. It is 
suggested that an accessory protein in Drosophila, which would 
also be a DNA-binding protein, could convert an activating 
homeoprotein into a repressing one by masking its activation 
domain (Thali et al.1988). 
In another study, it was shown that fushi tarazu, paired 
and zen activated transcription by interacting with engrailed 
regulatory sequences, whilst the even-skipped and engrailed 
homeoproteins were found to repress, or quench, the activation 
induced by the other proteins (Han et al.1989). This work employed 
a transient expression assay in Drosophila tissue culture cells. A 
wide range of activities in the assay were found for the 
homeodomain proteins examined. An explanation for this is that it 
reflects variations in the protein binding to the five consensus 
binding sites used in the target sequence. However, Han et al. 
(1989) suggest that it is more likely that the range of assay 
activities are due to differences in the protein sequences outside 
the DNA-binding homeodomain. Attention is again drawn to a 
mutant lacking part of the C-terminal end of the zen protein that 
has lost its activating ability. The putative activating region 
contains 12 out of 64 acidic residues. 
A further observation by Han et al.(1989) was that 
combinations of the homeoproteins tested resulted in substantial 
synergistic increases in expression. Since these different 
homeoproteins were recognising the same DNA sequence, a multi-
switch model was proposed, wherein different combinations of 
homeoproteins assemble within the promoter of a target gene by 
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competing for multiple copies of a common binding site . The 
transcriptional activity of the target gene depended on exactly 
what combination of homeobox proteins was bound. 
Further work on the bed homeoprotein provides more 
evidence for activation of transcription in vivo in Drosophila 
(Driever and Nusslein-Volhard 1989) . The bed protein , as 
mentioned earlier, has a homeodomain which displays sequence-
specific binding activity. The rest of the 489 amino acid protein 
has a number of features which are possibly significant to a role 
as a transcriptional activator. At the C-terminal end, there is an 
acidic region (16 acidic and 5 basic residues out of 67), and a 
glutamine-rich region which has been referred to as the M- or Opa-
repeat (Wharton et al.1985) . Both of these features have been 
noted a number of times in relation to transcriptional activators , 
and will be discussed later in the context of the rough protein . 
.. 
At the N-terminal end 0f bed, there is also a histidine/proline-rich 
30 amino acid sequence akin to that found in a number of other 
Drosophila genes. This is termed the Paired repeat and has 
uncertain function (McGinnis et al.1984b). It is also noted that 
bed is rich in hydroxyl amino acids (37 serines, 27 threonines and 
19 tyrosines), although the significance of this is unclear. There 
is evidence that bed is subject to phosphorylation in vivo (Driever 
and Nusslein-Volhard 1989). 
The bed protein was shown to activate transcription in 
yeast and Drosophila tissue culture cells. However, Driever and 
Nusslein-Volhard (1989) also assayed the morphogenetic 
properties of bed and various derivatives of it by injection of 
messenger RNAs into Drosophila embryos derived from beet mutant 
mothers. Thus, besides an assay for activation of a target gene, 
they could also demonstrate successful bed function by rescue of 
the mutant embryos. Their results indicated that the N-terminal 
74 
half of the protein (246 amino acids), which includes the 
homeodomain, has a weak transcriptional activating function (as 
assayed in all systems), in comparison with the full 489 amino 
acid bed protein, and it could only partially rescue the mutant 
embryos. However, when it was fused to certain acidic activating 
sequences from viral, yeast and E. coli transcriptional activators, 
the N-terminal bed fragment fully rescued the mutant embryos . 
They also noted that whilst the larger 396 and 348 amino 
acid N-terminal bed derivatives could rescue and stimulate 
transcription in embryos, they had negligible activating activity in 
yeast. This may be due to modification of these proteins in the 
embryo, e.g. by phosphorylation, in order to potentiate or acquire an 
activating function. It is also possible that the glutamine-rich 
sequence from amino acids 247 to 348 functions as an activating 
sequence in the embryo but not in yeast or Drosophila tissue 
culture cells. Finally, they noted that there are other possibre 
functions of bed in the course of embryogenesis, such as inhibition 
of translation of maternal caudal mRNA or regulation of the domain 
of expression of another gene , Kruppel. If these are directly 
achieved by the bed protein, then such functional activity must be 
specified in the N-terminal 246 amino acids. 
However, the work by Kuziora and McGinnis (1989) 
provides the clearest evidence of transcriptional activation by 
homeoproteins in the Drosophila embryo. As described in section 
4.1.3, they used a hybrid homeotic selector protein to demonstrate 
the target specificity of the homeodomain in vivo . Ectopic 
expression of the Dfd homeoprotein using a heat-shock inducible 
promoter activates the normal chromosomal copy of the Dfd gene, 
which is then persistently expressed in other segments via an 
autoregulatory circuit. The phenotypic result of the ectopic, 
persistent expression of Dfd is a transformation of head and 
thoracic segments towards a maxillary identity. Thus the 
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homeoprotein, Dfd, can activate transcription of its own 
expression in the Drosophila embryo. Yet, the chimeric Dfd 
protein into which the Ubx homeodomain had been substituted 
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failed to activate the chromosomal Dfd gene in this system, but 
was shown instead to activate ectopic transcription of the Antp 
gene in the embryo (Kuziora and McGinnis 1989). 
The rough protein has a number of structural features 
similar to those associated with a function as a transcriptional 
regulator. The rough gene has 3 exons (Figure 1.1 ). The first, 
giving rise to the N-terminal domain, has a histidine/glutamine-
rich region of 23 amino acids (10 His and 7 Gin) from residue 116 
and an acidic region of 64 amino acids from residue 44 with 11 
acidic, 4 basic and 20 hydrophobic residues. The second exon 
encodes the homeodomain , whilst the third, encoding the C-
terminal domain of the protein, has as its most distinctive feature 
another g I utami ne-rich _ stretch of 17 am inc acids ( 14 /17) 
(Tomlinson et al.1988; Figure 1.1). 
The glutamine-rich regions have been noted in a number of 
other Drosophila proteins, and termed the M- (McGinnis et al.1984) 
or Opa repeat (Wharton et al.1985). Such Opa repeats have been 
found in other homeoproteins , including bithorax, Antennapedia, 
engrailed, and bicoid. A clear functional role for such glutamine-
rich regions has yet to be ascribed although there is speculation as 
to a role in activation of transcription (Driever and Nusslein-
Volhard 1989). 
The most abundant amino acid in rough is glutamine 
(9.5%). However, the greater number of Opa-repeats make both 
glutamine (18%) and praline (10%) more abundant in the 
homeoprotein, Antennapedia, which is only a little larger (378 
compared with 350 amino acids). 
The proportion of hydroxyl amino acids in rough is similar 
to that found in bed: 27 serines (7.7%), 22 threonines (6.3%) and 11 
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tyrosines (3.1 %) versus 37 ser (7.6%}, 27 Thr (5.5%} and 19 Tyr 
(3.9%). The significance of this is not examined by Driever and 
Nusslein-Volhard (1989). However, it is implied that there may be 
some processing of the bed protein in the Drosophila embryo and 
that this might entail phosphorylation of the protein at hydroxyl 
groups. 
In the absence of any direct evidence for the rough protein 
acting as a transcriptional activator, or that it is processed in 
order to facilitate such an activity, then one can only speculate as 
to the possible function of the regions of the rough protein on 
either side of the homeodomain. 
4.1.5 The Promoter Region of the roughGene. 
There seem to be two DNA sequence elements which are 
required for the regulation of genes that encode mRNA in higher 
eukaryotes: promoters and enhancers (Maniatis et al.1987). 
Promoters are located immediately upstream from the 
start of transcription and are usually 100 bp in length (Maniatis et 
al. 1987). The promoter is required for accurate and efficient 
initiation of transcription, whereas enhancers increase the rate of 
transcription from promoters. The distinctive characteristic of 
enhancers is that they can act on cis-linked promoters at great 
distances in an orientation-independent manner and can also 
function downstream from the transcription unit (Maniatis et al. 
1987). A commom pattern of organisation of eukaryotic promoters 
has been identified: a typical promoter includes an AT-rich region 
designated the TAT A box, and one or more sequence elements of 8 
to 12 base pairs designated upstream promoter elements (UPE's, 
e.g. the CCAAT box). The TATA box functions primarily to ensure 
that transcripts are accurately initiated, whereas the UPEs 
increase the rate of transcription. 
The relative strength of promoters is apparently 
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determined by the number and types of UPEs (Maniatis et al.1987). 
UPEs act regardless of their orientation with respect to the TATA 
box, although the distance between the UPEs and the TATA box, and 
their relative orientations on the DNA helix seem to affect the 
level of transcription, suggesting that one or more proteins bound 
to the UPE, interact with a protein (or proteins) bound to the TATA 
box, and that this interaction requires stereospecific alignment of 
the proteins on the DNA helix (Maniatis et al. 1987). UPEs and 
proteins that bind specifically to them have been delineated by in 
vitro DNA footprinting experiments and gel retardation assays. 
Enhancers also contain discrete DNA sequence elements 
that specifically interact with proteins. They are around 40 bp 
long and can be located hundreds or sometimes thousands of 
nucleotides from the promoter, and in many cases, the major 
portion of the DNA is irrelevant to enhancer function (Ptashne 
1986). There are a number of theories as to how regulatory 
proteins bound at an enhancer can influence the activity of another 
protein (notably RNA polymerase) located some distance away at 
the promoter. These include looping out of the intervening DNA 
("looping"), changing the DNA conformation ("twisting"), moving of 
the protein along the DNA to another site ("sliding"), and the 
binding of a procession of proteins to the intervening DNA 
("oozing") (Ptashne 1986). It has been shown that different 
proteins which bind to different sites within a single enhancer can 
stimulate transcription in specific cell types at different times 
(Maniatis et al.1987). Thus, these enhancer regions may be the 
sequences at which temporal and tissue-specific transcription 
factors bind to exert their influence. 
The rough gene has a transcription unit of 4.3 kb which 
gives rise to a 1.3 kb mRNA encoding the 350 amino acid rough 
protein (Tomlinson et al.1988). The start of transcription is 64 bp 
upstream of the translation start codon, and has the RNA 
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Exon Exon Exon1 lntron1 Exon2 Exon3 
Sph I Eco RI Sa/ I 8am HI Sa/ I 
-30 55 -1857 -941 -55 1171 2062 4256 
Figure 4.4 a}: The structure of the rough locus. including 
3kb upstream of the transcription start site {adapted 
from Tomlinson et al.1988}. 
The transcription unit of the rough gene is shown in more detail 
in Figure 1.1. There are two exons of another gene transcript, 
which is transcribed in the opposite direction (Tomlinson et al. 
1988). The sequence from Sph I (-1857) to Sal I (2062) is given 
in Figure 4.4 b). 
Figure 4.4 b}: DNA sequence from nucleotide -1869 to 
2091 of the rough gene {Tomlinson et al.1988}. 
The first exon of rough is designated by the one-letter amino acid 
code, whilst the first exon of the gene transcribed in 
the opposite direction (see above) , is indicated by a dotted line 
(-562 to -894). Homeodomain consensus sequences (see Table 4.1) 
are shown in bold: 1,5, ATGNATA//1\\TATNCAT; 2,3, TNNNNGTAAT; 
4,8,9,10, TMTCG/CGATIA; 6, TITATG; 7, (TTA)5 ; 11, TAATGNNNNT. 
Many homeodomain consensus sequences contain the motif, TAAT/ 
ATTA, and there are a number of copies of this motif throughout 
the sequence, which have been shown in bold. It is interesting to 
note that, whilst there are 22 TAAT/ATTA's in the 1900 bp 5' of 
rough exon1, and 27 within the first intron (607 to 3383), there 
are none in either the first or second exon of rough. 
The restriction enzyme sites shown in Figure 4.4 a) are indicated. 
In addition, the Sau3A sites, GATC, have been underlined. The 
numbers in the right-hand margin indicate the size of the fragments 
resulting from Sau3A digestion of the 1.8 kb Hind Ill-Sal I (the 
Hind Ill site is present in the plasmid, pR01, just 5' to the Sph I 
site at -1857), and the 2.1 kb Sal I-Sal I, pR01 fragments (see 
Figure 4.11). 
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AATATGCTGCGCATGCGCAGGATAATGAAAACGAGCCCACGAGAAATCCCGCGGTGGGAA 
Sph I 
TTAGGGAATCAAAAGAAATCCCACAATAAGCCCCTCGCGAATGCCTCCGCCCACGCCTCT 
GCATGTGCAAGCGGGATGGCCAGAGGCAGGAAGTTCTGCGTGCGAGCGAGAGGCAGCGTG 
CACCCTTAGCGCCGCTCATAAATGTCAATGGAAATGAAAAGGCTGATGTTATTGTTTTTT 
TTCGTTTGTTTTTGGATGGAAAACAGAATGAACAACATGTGGGTTTCGCTTTATTAAAG.8. 
l'.CGCCTGGAGGAGGAAATGCCGAAGAGGCTCTACACACGACAAAAAATATACAAACATTC 
TAAAGACTCAAAACACTATGCTTAAATATTTGCAAATTTATTTTAAGGTCTTTCAGCACA 
-1810 
-1750 
-1690 
-1630 
-1570 
-1510 
-1450 
ATGATGTGATGTATTGATGTATAAATTTAAGGTTACTGTTTGTAATTCATTAAATATGAT -1390 
1 2 
TGTTTTGCAATTGATTCCAATCCAGTTTGATTACTTTTTAAGTCGAGGTTCATGTCTGAA 
TTTCATTTTTCTGTGCAACCAGAAGGTATTTATAAATTGAGCTCAAAAAAATAAAACGCA 
CGAAAAATGTTCAAAAAATTTGCATATGTCAGTGTAACAAAAAACCGAAATTGATGGATG 
GAAAAAAGTCGGCGACTGAAAAACACACACTCGCGGGCTTAAGCCAAATAAGCTCTAAAC 
GAAACGAAACGAGTTTTAACAAAATATTTTTGCTTTGCTCAAACGCAGCTCAGAGCCGTC 
AGAGAAACAAACACAAATGCACGCCGGGGCCAAATAAAAGCCATTCAATTAATATCCGGA 
CAGAAAACAACAAACAAAAGTCGCTGCAATTTTTCTGGTTTTATTTGTTTTGCACTGCTC 
CCATTTTGTGGTGTTTGAGGGGATATGGGAATTCGATAAACAAAATCGAAATTGGCCAAA 
Eco RI 
ATCGAAGGGATGTACCTTTTTTTTTCTTATTTTCGTCACCACTTGTTGGTCTTTGTTTAT 
-1330 
-1270 
-1210 
-1150 
-1090 
- 10 30 
-970 
-910 
-850 
TGTTATTATTCTTTATTGGCACTTTCGGTGGCTGCGACAGCTGCGCGAACTAACGGTACG - 790 
·-----·-·-------·-··------------------------------ ----- ------------· 
TGCAAATCGGTTGCGCAGCGCAGACGGATTGGCAACATAACCGTAATCGTTTGTTTTTGT - 730 
··············· ······ .. 3. 4 ······························· 
TTTCGTTCTTTCG.8.l'.CACTATCACTTCATCGATACTTCTTTCCCAAAACAGCACACGTTT - 670 
.... ------- ... --- ------- ... ---.. ------ .. -- .. -------- .. ----··--... ---·-------------.. ----------------------.............. ----·-------------·-. -------
12 6 ACGCACCGAAGTTTTGGGAACACA TT AT CC AT GCTGATAT AA T CCACGAACTCGACTCGA - 610 
·························································· 5·········· ................................................ . 
CTCGATTCGATTTGATTCG.8.l'.CCCTCGCG~~CGCTATGTAAAATTACAGATAGTGGCGCG -55 0 
150 ATTCGGTTGCTTATATAGACTTTTTGCCATTTAGACGGACCGTTTATGGTAGTTTGAAAA -490 
384 
6 
ATGCATGAAATACATTGAAGAAGCAAATGCTGATTGCCTACCTCTAGG~TCGCTCTT -430 
AAGGTTGTTGTCCTCGCAAAGCACTGGCGAGGTAAGAAACTTGGCTAAACCAGGGACTGT -370 
ACGCACACACTGCTTGTATGAAGACGTGAGTACTGCTTGCTTAAGAGTGGGCGGAGCTTA -310 
TTTAGGCACACTGCTTGCCACCCTTAAGTGAAACTTTGGCCGGAAGTAAAATTAGGGGTT -250 
AATTGCACGGCACTTCAGCCAATCAAACCGGGTTTCAGGCCACACTTCAGGTGTTTAGTG -190 
GGAAGGGGGTCCTTTTTTTTTATTATTATTATTAGTAAGCAGCATTTTAGGCGCCCCCGC -130 
7 
TGCTGCTGTTAATTTTCTGATGTGCCGCGTAATTTGCTTTGTTTTTTTTTTTCACCCAGT -70 
~--~- TCCTCTGCCGACGTCGACGTCAGGATAAGCGTCGCTTGACCAGCGGAAGTAGAATTATTT -10 
190 
S-al I 
GTGGCACTTCAGTCGCTCGCCGATTACCCAAGTGATTAGTTTGGACAGCTAACGCGGCAC 
l 8 
51 
ATCCTCAAACGAAATGCAACGTCACAAAGTTGAGATTGGCTCACCCGACGGCTCGCCGGG 111 
M Q R H ~ V E I G S P D G S P G 16 
CATCAAAAGGAGTGACAGCTTAG.8.1'.CCCATAGCGAACACTACGATTCTATCCGTGCCGCA 171 
I K R S D S T D P I A N T T I L S V P Q 36 
ACGTCCCTCGTCGCCGCGACAGTTTTTCGAACGTCTGTACGGGCATTTGGAAACGCGCTC 231 
R p S S P R Q F F E R L Y G H L E T R S 5 6 
CTCGGAAAATGGGGAAATCGACGTCGGAACACACGCCCACAAGCCGCCGCCCTGTGACAC 291 
S E N G E I D V G T H A H K P P P C D T 76 
GCCCTATCACAGCGATGGAGGAAGCGTCTCCCTCGCCAGACATTTCCATCAGCGATGAGC 351 
P Y H S D G G S V S S P D I S I S D E R 96 
GCACCTCGCTAGCCGCATATCCCGCCTACGATTTCTATGGTCACGCCAAGGACTATCCCC 411 
T S L A A Y P A Y D F Y G H A K D Y P Q 116 
AGCATCCTAGCCAGCAGCACCAGCAGCATCATCATCATCACCATCATCCGCCGCAGCTGG 471 
82 1 H P S D Q H Q Q H H H H H H H P P Q L V 136 
,... 
21 6 
17 
55 
7 
33 7 
TGCACCAGAAACTCAGCTACGTGAGCCCGCCGCCAGCAATTGCCGCCGGTGGAGCTGCGA 531 
H Q K L S Y V S P P P A I A A G G A A N 156 
ATCCTGTCCTGCCACACGCATTCCCAGCCGGCTTCCCAAGTGACCCGCACTTCAGCGCCG 591 
P V L P H A F P A G F P S D P H F S A G 176 
GCTTTTCCGCATTTCGTGAGTACTTACATTTAAAAAAGAATGGTTTCTAACAATGTGTAG 651 
F S A F L 181 
AATATTTGCAAAGCTATAGAGAATCTTTAGAACTACGAAAATAACTTCTTCAGAACCTTA 
ACTCTTACATGTTTATTGTGAGGTTTCTTAGTTCTTACACACTAAGTACAAGAGTAAATT 
TGAGCTACTACGAATTTGGGTCCTAACTAGATATTTAGGTGAGCGGGGATTTGTACTACG 
711 
771 
831 
GCGGGGGCGAGGATTTCTTTGGCTTTCCCTGCTTCCTGCTTTCTCCGCCGCCGCCTTCTC 891 
CTCCCGCTGCTTAGCCATCTGGCGCAGCTCCAGGCTGAGGAACATCTTCAGGTTCGGGTC 951 
GGT~TTGCTCAGCACAATCTCTCGCGCCTCCTCATCGTTGTCGCCCAGCAGCTTGGC 1011 
CAGCGTCTGTGCGTAGTCCAGCCAAACGCAGTTGGCGCAGCCCGACATGCAGCAGGTGGT 1071 
GGGCTCGGGAGGTATCTGCAAACGATTATATAATATGCAATCTCTTGAGCCACTTTCCTC 
9 
TTAGGCTACAAAGTTATTTCAGTATTGTGATAACAATTGGATCCTTCAATAATACT~ 
Barn HI 
AATAGTTTTAGAAGTTCATAGAACTACACTAAGTTTTGTGTTACAATACTA~GAT~ 
~CTTTCTTTCTAATGAACTACAATCTTACCAACTGATATTTGACCTATAATAGCAATGA 
1131 
1191 
1251 
1311 
TAACAACTAGCTTACAACATTTACCTCTATGTTTCTGAGCCGCTTTCTTCCCTTGGTGGT 1371 
TTTATCTTTGGCTTTGGGAGTGTCAGTGCCCGTCGTTGTGCTATTGGGCGGACAGCCACT 1431 
TGCTGCCTCCTGGGCGGCCGCATCCTTGCTGCTGGCATCATCCTGGGAGCTGCTGCCCGA 1491 
CAATTGGCGGGCCAGTGAGGCCCAACGCTCGGCGCCACGTCGCAGAAGCAAGCATCGCGG 1551 
ACAGCTGAAGCCCAGGGGAGCCAACATTTCCGCCC~CCCGAAAGAGTTCGAAAGTTA 1611 
CGATTGAAAAGGCCCAGAGGAAGTGATGAGCATTTCACACGCCTGCGCAGGTGCAGCCCA 1671 
GATGAACTTGGTTCCGCAGGAACTGCAAAAAAAAACTGATTAATCGTCAGTGCTGCCATA 1731 
10 
TTGAATATCCCCCACATCTTCGCACCGAGTGCGCTGGCCAGGATTATGTAAAATCAGTTG 1791 
GGAAAAAATAAACGAAACTAAGGTGGGGCAACCAAGCAATGTCCACACAATGAGCTGCTG 1851 
CTGCTGCTGCTGCTGTGCTGCTGCTGACCCCCAAATGCAAAGAAATTAGCCAAGGAAAAA 1911 
AAATAACCGAATGCCAAGAAAAAATTAAAACGCATTGAGCCGTGAAAGTTTTCGTTTACT 1971 
TGCGGCTTTTTCGTTTGCTCCTGATGAGGTGGTCCAAGGTGGCCATGTGCGGAGATGAGG 2031 
TTGAGGGGATATTGAAACATGGAAATGCGTCGACTAATGAAAATGATCGCAGGTTAAGGG 2091 
Sall 11 
Figure 4.4 b}: DNA sequence from nucleotide -1869 to 2091 
of the rough gene. 
polymerase II consensus sequence (ATCA\ T\, Tomlinson et 
al.1988; see Figure 4.4) . The promoter presumably lies upstream of 
the transcription start (nucleotide +1 ), although regulatory 
elements have been found in the first exon of at least one 
homeoprotein, engrailed (Desplan et al.1988). Tomlinson et al. 
(1988) have sequenced this region of rough (Figure 4.4) and suggest 
that the -10 to -17 region may function as a TATA box. An open 
reading frame has been identified that would be transcribed in the 
opposite direction to the rough gene from nucleotides -562 to -894 
and -2458 to -3504 (Figure 4.4). Regulatory signals for rough and 
this other gene are presumed to overlap. 
There is no evidence that rough or any other homeoprotein 
regulates the rough gene's expression. However, there are a number 
of homeodomain consensus binding sequences in the region from -
1869 to +2091 shown in Figure 4.4; Table 4.1 ). The largest of 
these is the (TTA) 5 region from -156 to -17: this is equivalent to 
the sequence, (TAA)5 on the opposite strand. This orientation with 
respect to the open reading frame has been found in the U-A 
sequence of the Ultrabithorax promoter (Beachy et al.1988). There 
is a single caudal binding sequence, TTTATG at -507. Within the 
other open reading frame, occurs a Pit-1 sequence with the ATTA 
(TAAT) feature common to many of the homeodomain consensus 
sequences (at -646). At -753, there are two copies of the TAATCG 
Ubx consensus and an ANNNNCATTA Antp sequence, and there is 
another Antp sequence, TNNNNGTAAT, at -1405 (see Figure 4.4). 
There is an indication that some of the Drosophila 
homeoproteins have an autoregulatory function, binding to DNA 
sequences in their own promoters. For example, Ubx has been 
shown to bind in vitro to its promoter region at two (TAA)n sites 
40 and 220 bp downstream of the transcription start site (Beachy 
et al.1988). It is thought that Ubx may have a positive feedback 
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loop in maintaining its expression in vivo during the later stages of 
embryogenesis. These studies also found that the TAA4 motif was 
sufficient for Ubx binding. Engrailed binds to ten copies of the 
TCAATT AAAT consensus sequence in its own promoter in vitro : 7 
of these sites were clustered between 600 and 900 bp upstream of 
the transcription start site, and the other three lie in the middle of 
the first intron (Desplan et al.1988). Dfd has been shown 
positively to autoregulate its own expression in some embryonic 
cells (Kuziora and McGinnis, 1989). 
Thus, given that there is no indication which other gene or 
genes the rough protein may be regulating in vivo, it was decided to 
investigate the occurrence and nature of binding of the isolated 
roHD to its own promoter region, in addition to the experiments 
with previously defined consensus sequences. 
4,2 Results and Discussion. 
4 .2.0 Methods for Studying DNA-binding Interactions. 
A number of methods have been developed for studying 
protein-DNA complexes. These have been used to provide 
biochemical and genetic data on the structural aspects of DNA 
recognition, its kinetics, thermodynamics, and the interaction of 
regulatory components (Hendrickson 1985). 
The oldest of these methods is the nitrocellulose filter 
binding assay (Riggs et al 1970). Whereas double-stranded DNA 
will not bind to nitrocellulose during filtration, most proteins, and 
hence also any protein-DNA complexes, will be retained on the 
filters . Thus, by using radioactively labelled DNA fragments, and 
obtaining a measure of the radioactivity retained on the filters 
with a scintillation counter, one has an assay of the DNA-binding 
activity of a protein or protein extract (Hennighausen and Luben 
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1987). 
This method has been used to provide kinetic and 
equilibrium data for a number of sequence-specific protein DNA 
interactions, including the lac repressor-operator (Riggs et al 
1970) and nuclear factor I (Hennighausen and Luben 1987). 
It has also been used as an assay for sequence-specific 
DNA binding proteins during their purification from cell protein 
extracts , for example, Ultrabithorax (Beachy et al.1988). There 
are some disadvantages associated with the use and accuracy of 
this technique, and these are discussed later in the context of 
results obtained using the roHD. 
A method which has gained increasing popularity in recent 
years as an alternative to the filter-binding assay is the mobility 
shift or gel electrophoresis-DNA binding assay (Fried and Crothers 
1981 ; Garner and Revzin 1981 ; Hendrickson 1985; Sorger et 
al.1989) . The essence -of the method is simply to mix a DNA 
fragment containing a specific binding site with the protein of 
interest in an appropriate solution, including any necessary 
divalent ions and/or cofactors . After the binding reaction is 
complete, the sample is applied to a low ionic strength agarose or 
polyacrylamide gel and electrophoresed. The DNA distribution is 
detected by ethidium bromide staining and/or autoradiography 
which can be quantitated by densitometry. The resulting 
electrophoretic pattern will display a diminution or disappearance 
of the DNA band and the appearance of a lower mobility band 
containing the specific DNA-protein. complex (Garner and Revzin 
1986). This method has been used to provide quantitative 
measurements of protein-DNA interactions for many systems 
(Hendrickson 1985). These include the kinetics and equilibrium of 
the lac repressor-operator (Fried and Crothers 1981 ), RNA 
polymerase-lac promoter (Garner and Revzin 1981 ), and the heat 
shock transcription factor (Sorger et al.1989). It has also been 
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used to determine the stoichiometry of protein binding 
(Hendrickson 1985), the interactions of more than one protein 
during binding to a single DNA sequence (Hendrickson 1985), and as 
an assay for the purification of sequence-specific DNA-binding 
proteins from crude cell lysates (Hendrickson 1985, Sorger et 
al.1989; Scheidereit et al.1988). It has also been used to obtain 
data on the strength of binding (association/dissociation 
constants) for a number of homeodomain proteins, including 
engrailed and fushi tarazu (Desplan et al.1988), even-skipped, 
zerknullt and paired (Hoey and Levine 1988), the octamer 
transcription factors (OTF or Oct 1 and 2; Muller M. et al.1988; 
Scheidereit et al.1988), Ultrabithorax (Beachy et al.1988) and the 
Antennapedia homeodomain (Muller et al.1988), and was used as the 
purification assay technique for OTF-2 (Scheidereit et al.1988). 
The advantages and disadvantages of this technique, notably in 
comparison to the filtef-binding assay are discussed later, in the 
context of results obtained with roHD. 
However, the most accurate definition of binding sites on 
the DNA is provided by the "footprinting" method (Galas and 
Schmitz 1978; Tullius 1989). Here, proteins bound to the DNA 
protect it from nuclease digestion (especially DNAase I protection; 
Galas and Schmitz 1978), or chemical modification. Fragments of 
the radiolabelled DNA are visualised by electrophoresis and 
autoradiography alongside the base-specific reaction products of 
the Maxam-Gilbert sequencing method (Galas and Schmitz 1978; 
Maxam and Gilbert 1977) . It is then possible to see a protective 
"footprint" of the binding protein on the DNA sequence. 
This method, unlike the previous two, permits the 
simultaneous monitoring of the extent of binding to multiple sites, 
since the electrophoresis gel on which the footprint pattern is 
displayed shows each site resolved from the others (Tullius 1989). 
Besides being used to identify DNA sequences to which a sequence-
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specific protein will preferentially bind, the footprint titration 
experiment has been developed into a quantitative method for 
determining the energetics of protein binding to DNA (Tullius 
1989). This typically entails a DNAase I protection reaction using 
a range of protein concentrations with fixed amounts of labelled 
DNA, the sites to which the protein binds most strongly will be 
protected at relatively lower protein concentrations. Equilibrium 
binding data for a number of homeodomain proteins have been 
obtained by footprinting, for example, engrailed and fushi tarazu 
(Desplan et al.1988), eve, en, zen and prd (Hoey and Levine 1988), 
and Ubx (Beachy et al.1988). 
When working with an impure mixture of proteins , the 
technique of protein blotting can also be used to detect DNA-
binding proteins (Bowen et al.1980; Hubscher 1987). This entails 
transferring proteins from a polyacrylamide gel to a nitrocellulose 
membrane as for Western blotting. 
However, instead of probing the membrane with 
antiobodies, radiolabelled DNA fragments are used. Protein bands 
on the membrane capable of binding to the DNA will be shown by 
autoradiography. The technique has been used to detect lac 
repressor-operator interactions (Bowen et al.1980) and 
glucocorticoid receptor interactions with D.NA (Silva et al.1987). 
It has the advantage of enabling one to identify the protein or 
proteins in the mixture which are capable of binding to the DNA. 
4.2 .1 Preliminary Experiments . 
The initial experiments designed to investigate the DNA-
binding ability of the rough homeodomain were conducted with the 
X17 fusion protein, whose construction is given in Chapter 5. 
The DNA sequences which were used were from the Ubx 
promoter (3102 and (TAA) 5) and the engrailed promoter (NP6). 
83 
3102 is a plasmid containing the entire Ubx promoter region as a 3 
kb fragment, in which lies the sequence, 5'-TAAAAATAATAATAA-. 
TAA5 and NP6 are constructs obtained from C. Desplan (Desplan et 
al.1988) with consensus sequences present in the polylinker region 
of M13mp18. TAA5 has the same consensus sequence as 3102, 
namely 5'-TAATAATAATAATAA, whilst NP6 has 6 copies of the 
engrailed consensus sequence, 5'-TCAATTAAATGA. It was decided 
to test binding with these sequences since specific binding by 
homeoproteins of the Antp class had been shown for both, whilst a 
range of other homeodomains had also been shown to bind to the 
engrailed sequence (Table 4.1). The nearest prediction as to the 
likely specificity of the roHD was on the basis of homology to the 
proposed recognition helix of the Antp class. 
The first binding procedure tried was based on the South-
Western blotting technique (Hubscher 1987). The X17 fusion 
protein extract was electrophoresed on SOS-PAGE, blotted from 
the gel onto a nitrocellulose membrane, and then immersed in 
solutions of end-labelled TAA5 , NP6 and 3102 fragments. The 
membrane was rinsed and autoradiographed to show which protein 
bands had bound the labelled DNA. Thus, given that the protein 
extract was not pure, it was possible to see if it was capable of 
binding to any of the DNA fragments tested. Autoradiography 
showed that the fusion protein had bound fragments from all three 
solutions (not shown) . 
It was now decided to try to visualise this apparent 
binding by means of gel retardation to confirm that the fragments 
bearing the consensus sequences were indeed those which were 
being bound. 
The initial experiments showed that there were some 
novel bands present in the X17-DNA lanes on the polyacrylamide 
gel. However, the TAA5 and NP6 M13 preparations gave background 
streaking on the gel, and the new band was rather diffuse. A much 
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clearer result was observed with 31 02 - a new band was evident 
above the 273 bp band in the X17 lanes (not shown). However, 
although the 273 bp fragment bears the predicted binding sequence, 
the novel band may have come from other DNA fragments present in 
the digest of 3102. 
It was decided to subclone the TAA5 and NP6 fragments 
into the polylinker· region of the plasmid, pTZ18U. This pTZ DNA 
gave cleaner restriction enzyme digests with just the two 
fragments from the EcoR II Hind 111 preparative digestion evident on 
gels. 
A positive control against which to assess the extent of 
any DNA-binding was necessary. For this purpose, the plasmid 
pPL Ubxlb was obtained from Dr. L. Gavis (Stanford University) . 
This plasmid contains the Ultrabithorax cDNA transcribed from the 
PL promoter. It has been used to produce Ubx protein for binding 
studies (Beachy et al.1988). With this plasmid, it was intended to 
obtain a Ubx protein extract with known affinity for both the TAA5 
and NP sequences. Thus, under the conditions at which the Ubx 
protein extract was capable of binding these fragments, one might 
expect to see equivalent activity from the rough derivatives. 
Further binding studies of the rough homeodomain were 
conducted with the roHD preparation from pJG(2), described in 
Section 3.2.4. 
4 2 2 Gel Retardation Studies with the rough homeodomajn. 
For these experiments the 67 bp T AA5 and 125 bp NP 6 
EcoR I/ Hind Ill fragments bearing the consensus sequences were 
purified on acrylamide gels. Changes in the migration of a single 
band could now be obtained. 
The roHD preparation had an estimated concentration of 
0.42 µg/µI or 6.3 x 1 o- 5 M. 
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Figure 4.5: Autoradiogram showing the electrophoretic 
mobility of NP6 and TAA5 DNA fragments through a native 
polyacrylamide gel with increasing concentrations of the 
rough homeodomain. 
Bjndjng reactjons; [a- 32 P]dATP end-labelled DNA fragments (67 bp 
TAA5, and 125 bp NP6) were mixed with varying amounts of roHD 
in binding buffer (20 mM Tris pH7.5, 75 mM NaCl, 1 mM OTT, 10% 
glycerol) to give a total reaction volume of 40 µI. Reactions were 
incubated on ice for one hour and then electrophoresed. 
Reactions: NP6(58 nM) / TAA5(125 nM). (roHD] = A, 0 nM; B, 42 nM; 
C, 420 nM; D, 1050 nM; E, 2100 nM. 
Gel electrophoresis: 15% 0.5 x TBE polyacrylamide gel was pre-
electrophoresed at 300 volts (-18 mA) for 2 hours at 4°C, before 
loading the binding reactions. Electrophoresis after loading was at 
300 volts (-18 mA) for 3 hours at 4°C. The gel was then dried and 
autoradiographed. 
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Figure 4.5: Autoradiogram showing the electrophoretic mobility 
of NP6 and TAA5 DNA fragments through a native 
polyacrylamide gel with increasing concentrations 
of the rough homeodomain. 
Although it had been intended to use pure Ubx protein, it 
emerged that the apparent yields of the protein as visualised on 
SOS-PAGE were perhaps even lower than those obtained for the 
roHD. However, since crude extracts had been successfully used in 
filter binding assays (Beachy et al.1988), these were tested for 
activity. 
The lifetime of protein-DNA complexes can be profoundly 
affected by electrophoresis conditions, e.g. DNA gyrase will only 
form stable DNA complexes in the presence of 5 mM Mg2+ (Garner 
and Revzin 1986). Thus since no one set of conditions is 
appropriate for all systems, it is necessary to optimise them for 
each system . In the preliminary retardation experiments , a range 
of binding reaction buffers , and gel buffers, were tried, all of them 
based on Tris at pH 7 to 8, with various other ingredients. With the 
publication of the paper showing specific binding by the AntpHD 
(Muller et al.1988), it was decided to emulate the conditions 
contained therein, with 15% polyacrylamide gels, 0.5 x TSE 
electrophoresis buffer , and a similar react ion buffer (20mM Tris 
7.5, 1 mM OTT, and 10% glycerol, with an initial [NaCl] of 75mM , 
although this was increased to test the stringency of binding). 
Binding reactions had been conducted at temperatures upto 30°C 
however, the Antp work incubated the reaction on ice for 30 
minutes before loading onto the pre-electrophoresed gel. 
Electrophoresis was at 300 volts at 4°C. 
The initial study of the roHD's binding capacity was with 
fixed amounts of TAA5/NP 6 and variable concentrations of roHD (0 
to 500 nM) at 75mM NaCl. The reaction proceeded for 30 minutes, 
before the binding mixtures were loaded on the gel. This 
experiment showed an increasing level of retardation of both 
fragments with increasing [roHD] (see Figure 4.5). The retardation 
of the NP6 fragment seemed to be "cleaner" with fewer bands and a 
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greater relative retardation at each roHD concentration, whilst the 
T AA5 fragment formed a range of protein-DNA complexes for each 
treatment. This may be due to · non-specific binding of the roHD to 
the DNA fragments Given the larger size of the NP 6 band, one 
would expect a higher degree of such interaction with it rather 
than with the TAA5 band. Alternatively, it may be due to specific 
binding - with s ·consensus sequences, NP6 might be more tightly 
bound than the single-sequence TAA5 fragments. 
As discussed in Section 4.1.1, the strength of protein 
interactions with the DNA depends not only upon the concentration 
of protein and DNA, but also on the concentration of charge-
neutralising cations in the solution. Thus, given the satisfactory 
degree of retardation obtained with 420nM roHD, the stringency of 
binding was tested by raising the [NaCl] to SOOmM . The retardation 
of both NP6 and TAA5 was maintained, with NP 6 showing a fixed 
band fron_, low to high. salt , whilst TAA5 showed a change in the 
distribution of the complexes formed, smaller ones predominating 
at the higher salt concentration (not shown). This implies that 
some of the complexes formed with TAA5 were less tightly bound , 
but that overall the roHD forms relatively strong complexes with 
both of these fragments. 
It was decided to further investigate the specificity of 
binding under these conditions by comparing the roHD with some 
other proteins. These were the partially purified Ubx preparation 
(see Methods), the bacterial DNA-binding protein , HU (purified in 
Section 3.2.2), and egg-white lysozyme (Sigma). Varying 
concentrations of these protein solutions and roHD were mixed 
with TAA5 and NP6 , and electrophoresed as above. All of the 
proteins retarded the motion of the fragments through the gel (not 
shown). Indeed, at higher concentration of protein, the DNA 
fragments barely left the loading well, although this phenomenon 
has been ascribed to the aggregation of protein which can also 
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Figure 4.6: Autoradiogram showing changes in the 
elctrophoretic mobility of the NP6 and TAA5 DNA 
fragments by the rough homeodomain through a native 
polyacrylamide gel with increasing concentrations of 
NaCl. 
Binding reactions: [a- 32 P]dATP end-labelled DNA fragments (43 nM 
TAA5 I 20 nM NP6) were mixed with roHD (420 nM) in binding 
buffer (20 mM Tris pH7.5, 1 mM OTT, 10% glycerol) containing non-
specific competitor DNA (1 µg pCE30 = 15 times [TAA5!NP6]), and 
increasing concentrations of NaCl, to give a total reaction volume 
of 40 µI. Reactions were incubated on ice for 30 minutes and then 
electrophoresed. 
[NaCl]= A, 60 mM (0 nM roHD ); B, 60 mM; C, 120 mM; D, 240 mM; 
E, 360 mM; F, 480 mM; G, 600 mM; H, 720 mM. 
Gel electrophoresis: 10% 0.5 x TBE polyacrylamide gel was pre-
electrophoresed at 300 volts for 1 hour at 4°C. After loading the 
binding reactions, electrophoresis was at 300 volts (-18 mA) for 
2 hours at 4°C. The gel was then dried and autoradiographed. 
TAA5 NP6 
A BCD EFG HA BCD EFG H 
Figure 4.6: Autoradiogram showing changes in the electrophoretic 
retardation of the TAA5 and NP6 DNA fragments by 
the rough homeodomain through a native polyacrylamide 
gel with increasing concentrations of NaCl. 
result in the smearing of complexes through the gel (Hendrickson, 
1985). Thus, under these conditions, there is evidently scope for a 
fair degree of binding which is presumably of a non-specific 
nature. 
To further eliminate non-specific interactions, 
unlabelled competitor DNA was added in addition to the use of 
higher salt conc"entrations. Uncut pCE30 was chosen as the 
competitor DNA since it contained neither of the consensus 
sequences (the nearest to TAA5 is 11 out of 15 bp and to the NP 
sequence is 8 bp out of 10). With the addition of 1 µg of of pCE30 
at 500mM NaCl, only the rough homeodomain and Ubx proteins bound 
to both TAA5 and NP6 (not shown). There was still some binding 
evident at 75mM NaCl by HU and lysozyme, however this 
disappeared completely at 500mM NaCl. 
The more specific binding of the roHD to TAA5 and NP6 in 
the presence of excess non-specific DNA was investigated at 
varying [NaCl] up to 720 mM (see Figure 4.6). This again shows 
what appears to be tighter binding to NP6 , since the main complex 
formed is stable at > 600 mM NaCl, whilst there are multiple bands 
evident in the TAA5 lanes throughout, binding being completely 
eliminated at 720 mM NaCl (see Figure 4.6). However, there is 
some indication that the strength of binding to NP 6 is associated 
with the multiple copies of the NP sequence since there are six 
bands (at >600 mM NaCl) perhaps representing roHD-NP6 complexes 
of sequentially varying stoichiometry . 
4,2 3 Binding Studies with a 15-mer JAA5 oligonucleotide, 
There was a possibility that the specific binding of the 
roHD to the TAA5 and NP 6 fragments observed in the previous 
section may have been influenced by the sequence from the M13 
polylinker on either side of the consensus regions. This was 
investigated with an oligonucleotide containing just the TAA5 
consensus sequence. 
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Figure 4.7: Autoradiogram showing changes in the 
electrophoretic migration of 15-mer TAA5_an_g_ 
mismatched TAA5 oligonucleotides in the presence ot the 
rough homeodomain and Ubx lb extracts. 
Bjndjng reactions· The [r- 32 P]dATP labelled TAA5 15-mer 
oligonucleotide, and mismatched, end-filled, oligonucleotides (see 
Section 4.2.3), were mixed with either roHD (420 nM) or Ubx lb 
extract (3 µI) in binding buffer (20 mM Tris pH7.5, 1 mM OTT, 10% 
glycerol) containing non-specific competitor DNA (1 µg pCE30), and 
increasing concentrations of NaCl, to give a total reaction volume 
of 40 µI. Reactions were incubated on ice for 30 minutes and then 
electrophoresed. 
Reactions: roHD (420 nM) + 15-mer TAA5 oligonucleotid~ (130 nM): 
[NaCl]= A, 60 mM (0 nM roHD ); B, 60 mM; C, 240 mM; D, 480 mM; 
E, 720 mM. Ubx lb extract (3 µI) + 15-mer TAA5 oligonucleotide 
(130 nM): F, 60 mM; G, 240 mM; H, 480 mM; I, 720 mM. 
roHD (420 nM) + mismatched TAA5 oligonucleotides (2 µM): 
J, 60 mM (0 nM roHD ); K, 60 mM; L, 480 mM. Ubx lb extract (3 µI) + 
mismatched TAA5 oligonucleotides (2 µM): M, 60 mM; N, 480 mM. 
Gel electrophoresjs: 15% 0.5 x TSE polyacrylamide gel was pre-
electrophoresed at 300 volts for 1 hour at 4°C. After loading the 
binding reactions, electrophoresis was at 300 volts (-18 mA) for 
2 hours at 4°C. The gel was then dried and autoradiographed. 
d 
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Figure 4.7: Autoradiogram showing changes in the electrophoretic 
migration of 15-mer TAA5 and mismatched TAAs 
oligonucleotides in the presence of the rough 
homeodomain and Ubx lb extracts. 
It had also been intended to test the NP sequence (12 bp) 
and the bicoid sequence (9 bp, TCTAATCCC) , the latter being a 
sequence for which the roHD should have no specificity (Table 4.1 ; 
Figure 4.2). However, it was not known what minimum size of 
oligonucleotide was necessaary for binding. The Ubx1b protein had 
been found in a "footprinting" experiment to be capable of binding 
to a minimum of a T AA4 sequence in a 21 bp fragment (Beachy et 
al.1988), and the AntpH D bound a 26 bp oligonucleotide (Muller et 
al.1988). Thus, the largest of the consensus sequences, T AA5 , was 
synthesized as a 15-mer. 
This oligonucleotide was labelled by phosphorylating the 
5' end with polyn ucleotide kinase and [y- 32 P] ATP. The binding of 
th e roHD to the TAA5 oligonucleotide was investigated using gel 
retardation and by filter binding. A range of [roHD] were tried , 
with and without non-specific competitor DNA (1 µg pCE30), at 
upto 720 mM NaCl. There was no evidence of any binding by the 
roHD in any of these studies. No novel band was evident under the 
conditions which resulted in binding to the 67 bp TAA5 fragment 
(see Figure 4.7); whilst filter binding with oligonucleotide (4000 
c.p.m. per reaction) showed that there was no 32 P retained. 
However, when the Ubxlb extract was tested , there was 
some oligonucleotide retarded at [NaCl] up to 500 mM, although the 
amount retarded was small relative to that observed with the 67 
bp TAA5 (Figure 4.7). Given the impure nature of the Ubx extract, 
this apparent binding might be due to the activity of proteins 
other than Ubx. 
The inability of the roHD to bind to the oligonucleotide 
may have been because the 15-mer was too short to allow adequate 
interaction between the DNA and the protein. This possibility was 
investigated by generating larger TAA sequences. These were made 
by heating a mixture of the single-stranded oligomers, 5'-TAA5 and 
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5'-TT A5 to 65°C, and then rapidly cooling them on ice to generate 
mismatched fragments with TAA and ATT overhangs at each end, 
e.g. 5'-.IAATAATATTAATATTAATA/AATATAII-5'. These fragments were 
labelled by end-filling to give 18-mers (as with the example), 21-
mers, 24-mers, and perhaps even 27-mers. This mixture was used 
in gel retardation studies with both the roHD and Ubx extracts at 
75 and 500 mM NaCl. Retardation was now clearly evident (Figure 
4. 7) with both the roHD and Ubx, even at 500 mM NaCl in the 
presence of non-specific competitor DNA (20 times excess). Thus, 
it appears that whilst the roHD does bind specifically to the 
(TAA)n sequence (as was suggested with the 67 bp fragment), a 
minimum fragment size >15 bp is necessary to achieve a binding 
interaction which is sufficient to be detected by the techniques 
used. DNase I "footprinting", being a more sensitive method of 
detecting sequence-specific DNA-binding interactions, might show 
the affinity of the roHD for these sequences more clearly. 
It was not possible to identify which of the larger TAA 
oligonucleotides was bound, although this could be investigated by 
purifying the various end-labelled mismatched oligonucleotides 
and then checking them for binding. The binding of the roHD to the 
TAA5 sequence is presumably limited by the fragment size rather 
than the sequence length. Competitor DNA fragments with M13 
polylinker sequence, and around the same size as the TAA5/NP 6 pTZ 
fragments were tested in a quantitative assay which showed a 
clear preference for the consensus fragments (see next section.) 
4 2 4 Quantitative Measurements of roHD-DNA binding 
Biochemical constants for protein-binding interactions 
can be obtained by a number of methods using the techniques of 
filter-binding, gel retardation or "footprinting", as discussed 
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earlier (section 4.2.1 ). This section describes the use of both the 
nitrocellulose filter-binding assay, and gel retardation method to 
obtain data on the strength of the binding of the roHD to the TAA5 
and NP6 fragments. 
A standard measure of the strength of protein-DNA 
interaction is the equilibrium constant. For a simple interaction of 
protein and DNA in solution, the reaction may be presented as:-
Ka 
[P] + [D] - --~ [PD] 
Kd 
where [P] is the initial protein concentration, [D] is the DNA 
concentration, and [PD] is the concentration of the protein-DNA 
complexes formed. This assumes a simple stoichiometry for the 
reaction and is derived from the Law of Mass Action (e.g. Riggs et 
al.1970). This reaction reaches an equilibrium position in which 
the extent to which PD· is formed from P and D is given by the 
association constant, Ka, and the degree to which PD dissociates to 
give its components is given by the dissociation constant, Kd. 
At equilibrium, Ka= [PD]e Kd = [P]e[D]e 
[P]e[D]e [PD]e 
the subscript e, indicating that these are the concentrations of the 
species at equilibrium. Thus, Kd = 1 /Ka. The strength of protein-
DNA binding is usually given in terms of the dissociation constant, 
Kd. 
The equation (*): [P]o _5 = Kd + 0.5 [D] may be derived from 
the above equations (Riggs et al.1970) where [P]0.5 is the 
concentration of protein which gives a half-saturation of the DNA. 
The dissociation constant may be obtained by producing a 
standard binding curve with the DNA concentration held constant, 
usually at a level well below the concentration of the protein, 
which is varied within a moderate range spanning the estimated Kd 
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(Hendrickson 1985). Under these conditions the free protein 
concentration is essentially equal to that of the input protein, and 
the equilibrium binding constant is equal to the concentration of 
active protein at which 50% of the DNA is bound (at higher [D], the 
equation * may be used). 
The fraction of the added protein that is active (that is, 
capable of bindi"ng to the DNA), the rate of approach to equilibrium, 
and other factors such as the possible association of protein 
subunits should be considered when calculating the Kd (Hendrickson 
1985). A number of methods may be used to determine the amount 
of active protein in a protein preparation (Riggs et al.1970), for 
example, by titrating the protein sample at a concentration of DNA 
fragment well above the expected dissociation constant ( -100 
times). The rate of approach to equilibrium, and thus the length of 
time necessary to incubate the binding reaction in order to attain 
equilibrium, may be obtained by studying the time course of 
binding. 
With the roHD preparation used, it was assumed that the 
protein was fully active, whilst a simple time course of binding at 
4°C and 30°C suggested that equilibrium is reached within 5 
minutes at both temperatures (not shown). 
Standard binding curves for reactions betwen the roHD at 
varied concentrations, and fixed concentrations of DNA fragments, 
were generated using both gel retardation and the filter-binding 
assay (Figure 4.8). 
It emerged that these techniques gauge consistently 
different results under the same conditions. The binding detected 
by gel retardation occurred at lower roHD concentrations than was 
shown by the filter binding assay, and hence estimates of the 
dissociation constant derived by gel retardation are an order of 
magnitude lower (i.e. indicating stronger binding) than those 
92 
Figure 4.8 a},b),c),d): Graphs showing binding of DNA 
fragments with [roHDJ a}TAA5 , b}NP6 , c}82 bp, d}132 bp. 
Binding reactions : (a- 32P]dATP end-labelled DNA fragments were 
mixed with varying amounts of roHD in binding buffer (20 mM Tris 
pH7 .5, 75 mM NaCl , 1 mM OTT, 10% glycerol) to give a total 
reaction volume of 30 µI (gel retardation) or 40 µI (filter-binding) . 
Reactions were incubated at room temperature (25°C) for 30 
minutes, and then electrophoresed or passed through a 
n itrocel I u lose tilter. 
Reactions: a) T AA5 = 1 nM (gel)/5 nM (filter), [roHD] = 0.55 to 1120 
nM (gel)/4 .2 to 420 nM (filter); b) NP6 = 0.44 nM (gel)/2.2 nM 
(t i lter) , (roHD] = 0.55 to 1120 nM (gel)/4 .2 to 420 nM (filter); 
c) 82 bp = 1 nM (gel)/5 nM (filter) , [roHD] = 0.76 to 1495 nM 
(gel)/4.2 to 2100 nM (filter) ; d) 132 bp = 1 nM (gel)/5 nM (filter), 
[roHD] = 0.76 to 1495 nM (gel)/4 .2 to 2100 nM (filter). 
Gel electrophoresis: Method as in Figure 4.1 o. Densitometry as in 
Section 4.3.7. 
Filter-binding assay: Method as in Section 4.3 .6. 
Table 4.2: Equilibrium binding results from Figure 4.8. 
Gel retardation Filter binding Filter : gel result 
TAA5 8.8 x 10-
9 M 2.4 x 10- 7M 27 
NP6 9.8x10-
9 M 1.7x10- 7M 17 
82 bp 1.9 x 10- 7M >2.1 x 1 o- 6 M >11 
132 bp 5.9x1o- 7M >2.1 x 10- 6 M >4 
Calculated using the equation: [P]0_5 = Kd + 0.5 [D] 
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Figure 4.9: Graphs showing changes in roHD binding of 
a)TAA5, and b)NP5 with [NaCl]. 
Binding reactions: [a- 32P]dATP end-labelled DNA fragments were 
mixed with roHD in binding buffer (20 mM Tris pH7.5, 1 mM OTT, 
10% glycerol) with varying [NaCl], with (C), or without (NC), non-
specific competitor DNA (1 µg pCE30) to give a total reaction 
volume of 40 µI. Reactions were incubated on ice for 30 minutes, 
and then electrophoresed or passed through a nitrocellulose filter. 
Reactions : a) T AA5 = 71 nM (gel NC), 43 nM (gel C)/6 nM (filter 
NC/C), [roHD] = 420 nM; b) NP6 = 34 nM (gel NC), 20 nM (gel C)/3 nM 
(filter NC/C) , [roHD] = 420 nM. 
Gel electrophoresis: Method as in Figure 4.10. Densitometry as in 
Section 4.3 . 7. 
Filter-bjndjng assay· Method as in Section 4.3.6. 
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Figure 4.1 o: Auto radiogram showing electrophoretic 
retardation with increasing rough homeodomain 
concentrations of the NP6 and 132 bp DNA fragments 
Bjndjng reactjons· [a- 32 P]dATP end-labelled DNA fragments (NP6 
and 132 bp) were mixed with varying amounts of roHD in binding 
buffer (20 mM Tris pH7.5, 75 mM NaCl, 1 mM OTT, 10% glycerol) to 
give a total reaction volume of 30 µI. Reactions were incubated at 
room temperature (25°C) for 30 minutes, and then electrophoresed. 
Reactions: NP6 (0.44 nM), [roHD] = A, O nM; B, 0.56 nM; C, 1.1 nM; D, 
2.8 nM; E, 5.6 nM; F, 11.2 nM; G, 28 nM; H, 56 ~M; I, 140 nM; J, 280 
nM; K, 560 nM; L, 1120 nM. 
132 bp (1 nM), [roHD] = A, 0 nM; .B, 0.76 nM; C, 1.5 nM; D, 3.8 nM; 
E, 7.6 nM; F, 15 nM; G, 38 nM; H, 76 nM; I, 187 nM; J, 374 nM; 
K, 748 nM; L, 1500 nM. 
Gel electrophoresis: 10% 0.5 x TBE polyacrylamide gel was pre-
electrophoresed at 300 volts for 30 minutes at room temperature. 
After loading the binding reactions, electrophoresis was at 200 
volts for 1 .5 hours. The gel was then dried and autoradiographed. 
NP6 
A B C D E F G H J K L 
132 bp 
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Figure 4.1 O: Autoradiogram showing electrophoretic 
retardation with increasing rough homeodomain 
concentrations of the NPs and 132 bp DNA 
fragments. 
free 
DNA 
free 
DNA 
obtained by filter binding. Thus, for the 67 bp TAA5 fragment 
(Figure 4.8a)), the Kd value obtained by gel retardation is around 
8.8 x 1 o- 9 M, whilst that obtained by filter binding is -2.4 x 1 o- 7M. 
Similarly, the Kd values for the interaction of the roHD with the 
125 bp NP6 fragment are -9.8 x 1 o- 9 M and -1.7 x 1 o-7M (Figures 
4.8b) and 4.10). 
To investigate the affinity of the roHD for DNA fragments 
around the same size as TAA5 and NP 6, but possessing a DNA 
sequence corresponding to the polylinker sites flanking the 
homeodomain consensus sequences in TAA5 and NP6 , an 82 bp and a 
132 bp fragment were prepared as described in Methods. Binding 
curves for the interation of the roHD with the 82 bp fragment 
(Figure 4.8c)) gave Kd values of 1.9 x 1 o- 7M by gel retardation and 
>2 x 10-6 M by filter binding (since a complete curve was not 
obtained). Similarly, with the 132 bp fragment (Figure 4.8d)) a 
figure of 5.9 x 10-7M was obtained by gel retardation, a 
Kd >2 x 1 o·6 M being suggested by filter binding. These results and 
their ratios to each other are summarised in Table 4.2. 
Clearly, the affinity of the roHD for the TAA5 and NP6 
fragments is stronger than that for the non-specific 82 bp and 132 
bp fragments. However, the accuracy of the estimates for the 
dissociation constants ·relative to their "true" values is anything 
but clear. Although, the roHD seems to have approximately equal 
afffinity for both the TAA5 and NP6 fragments as shown by both 
methods, the 27-fold (T AA5), and 17-fold (NP 6) discrepancies in 
the Kd estimates derived by each method is large. 
There are a number of explanations which might suggest 
that the result obtained by gel retardation is lower than in 
actuality, whilst that obtained by filter binding is somewhat 
higher. 
A common criticism of the filter-binding assay is the loss 
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of specific protein-DNA binding during the washing of the filter 
(Riggs et al.1970; Garner and Revzin 1981; Hendrickson 1985) . 
Riggs et al. (1970) found that not all of the DNA bound to protein is 
retained on the filter. They obtained an average maximum binding 
equivalent to 30% of the initial DNA concentration , although their 
best experiment gave a 70% retention. Three reasons for this low 
plateau of maximum binding were given: first, some DNA fragments 
may be too damaged to be bound by the protein; secondly, some 
complexes are lost in washing the unbound DNA from the filters; 
and finally, some protein-DNA complexes pass straight through the 
filter when applied. Given the large size of their DNA fragment 
(-46,000 bp), it is not surprising that damage and loss during 
washing were found to be the main contributing factors to their 
low plateau , although the tetrameric lac repressor that they 
studied binds very tightly (Kd -1 x 1 o· 13 M) (Riggs et al.1970) . The 
loss of bound DNA and complexes during washing has been 
mentioned elsewhere (Fried and Crothers 1981 ), however, Riggs et 
al. found that if allowances were made for this "retention 
efficiency" then it can be corrected for in all calculations. 
Similarly, the shape of the binding curves and the point of half-
saturation were found to be independent of washing. The filter-
binding experiments with the roHD gave a range of results, with a 
plateau of 40 to 100% of the input DNA. The results for the 
standard binding curves shown in Figure 4.8 suggest a plateau 
below 100%. However, even allowing for a "retention efficiency" 
of -80% in these experiments, the apparent Kd is only lowered by 
28% for TAA5 to 1.7 x 10·7 M, and by 18% to 1.4 x 10-
7 M for NP6 . 
Conversely, problems with background can be found with 
filter binding (Hendrickson 1985). During the experiments with the 
roHD, upto 11% of the input NP6 , and 6% of the TAA5 fragments, 
were retained upon the filter in the absence of the roHD. However, 
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allowing for such background activity by the filter does not 
significantly alter the result obtained. 
The DNA-protein interaction may be perturbed when the 
protein binds to the filter (Garner 1986). There have been 
problems with detecting kinetically labile complexes which 
dissociate during the washing procedure, for example, lac 
repressor-operator complexes formed in the presence of IPTG could 
not be detected by filter binding but were evident with gel 
retardation (Fried and Crothers 1981). Similarly, the specific 
binding of CAP (catabolite activator protein) to DNA has been 
demonstrated only at low ionic strength with filter binding, whilst 
gel retardation has permitted the study of unique CAP-DNA 
complexes under salt conditions nearer the in vivo situation 
(Garner and Revzin 1981 ). 
Interactions of the roHD with NP6 and TAA5 under 
conditions of increasing [NaCl] (Figures 4.6 and 4.9) again show a 
tendency for the gel retardation technique to retain higher levels 
of protein-DNA complexes than are evident from filter binding 
experiments under the same conditions. Thus, the loss of specific 
binding with increasing ionic strength is shown to occur quite 
sharply by filter binding above 1 OOmM NaCl, but does not become 
evident until higher [NaCl] with gel retardation (above 400mM NaCl 
for TAA5 , and even higher for NP6 ). 
The lac repressor-operator DNA complex has been shown 
to be subject to irreversible destruction as a consequence of 
vigorous mixing, presumably due to shear forces either in solution 
or acting at a surface (Fried and Crothers 1981). Fried and 
Crothers (1981) found it difficult to avoid such shear degradation 
entirely, even with careful hand mixing and slow pipetting onto 
the gel. Such a disruption of the protein-DNA complexes would 
presumably be greater during filter binding, notably at the washing 
stage, where the rate of flow through the filter and the volume of 
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the washing buffer, may have such an effect. 
On the other hand, the binding affinity values obtained by 
gel retardation may be lower than the true value due to the 
stabilising of protein-DNA complexes by the gel matrix, and mixing 
of the reaction mixture with the electrophoresis buffer during 
loading of the gel (Garner and Revzin 1986). 
It has been noted that as long as the free protein 
concentration in a protein-DNA band on the gel is low compared to 
the concentration of the complex (e .g. 1:100), there will be little 
loss of protein as the band moves through the gel, and hence little 
complex dissociation (Fried and Crothers 1981 ). In addition, the 
volume excluded by the gel is inaccessible to reaction components 
thus increasing the local concentration of reactants, favouring 
their association. Fried and Crothers (1981) noted that it was 
possible that the equilibrium binding constant is increased by 
interactions with the g.el. A "caging" mechanism was proposed, 
whereby the gel provides a "cage" for the protein-DNA complexes 
such that dissociated components cannot readily diffuse away , and 
hence must recombine with the same partners. This was supported 
by studies of lac repressor protein exchange within the gel (Fried 
and Crothers 1981 ), but was not an apparent problem for CAP 
interactions with the lac promoter (Garner and Revzin 1986). 
Such interactions with the gel matrix may partly explain 
how many different, and some quite small , proteins, can alter the 
mobility of a ONA fragment to a significant but unpredictable 
extent (Hendrickson 1985). 
For quantitative measurements of binding, the fraction of 
DNA-protein complexes in solution must remain unchanged during 
gel loading as well as during electrophoresis . The problem of 
dilution of the reaction mixture with the electrophoresis buffer 
during the "dead" time between pipetting the mixture into the 
loading well, and the unbound DNA and protein-DNA complexes 
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entering the gel has been investigated (Fried and Crothers 1981; 
Garner and Revzin 1981 ). Fried and Crothers (1981) found that it 
took around · 80 seconds for a 203 bp DNA fragment to enter a 5% 
polyacrylamide gel in TE (1 OmM Tris, 1 mM EDTA, pH 7.4) at a 1 o 
volts/cm voltage gradient. Garnerand Revzin (1981) found that it 
took less than 3 minutes for a discrete DNA band to enter a 7.5% 
gel in TSE buffer at 6 mA, and noted that if the retardation of the 
DNA in a protein complex relative to the free DNA is all that is 
sought then, once the band of free, uncomplexed DNA has entered 
the gel, any dissociation of complexes at or near the top will not 
affect the results, since the DNA released will trail the free DNA 
throughout the course of electrophoresis. 
Changes in the ionic composition of the reaction mixture 
may occur due to the layering of the solution onto the gel (Garner 
and Revzin 1981). Despite the addition of glycerol to the reaction 
buffer some mixing probably occurs during layering, such that the 
final ionic condition just before the start of electrophoresis is a 
mixture of the reaction and electrophoresis buffers. The 
electrophoresis buffer used in the roHD gel retardation 
experiments, 0.5 x TSE (45mM Tris, 45mM borate, 1.25mM EDTA, pH 
8) is a low ionic buffer, thus the mixing of buffers will result in a 
solution of lower ionic strength than the reaction buffer (20mM 
Tris, 1 mM OTT, 10% glycerol, 1 OOmM NaCl, pH 7.5). This would also 
increase the stability of protein-DNA interactions and would be 
disadvantageous if it led to binding of DNA molecules which would 
otherwise have been free in solution at the full ionic strength of 
the reaction buffer (Garner and Revzin 1981). 
Thus, the binding curves obtained by gel retardation in 
Figure 4.8 may be lowered due to a dilution of the reaction buffer. 
Changes in the stability of protein-DNA interactions in the gel are 
unlikely to affect the result much since the curve was obtained by 
quantitating the relative changes in the concentration of the 
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uncomplexed DNA band. 
The results obtained by gel retardation for the changes in 
binding of the roHD with increasing [NaCl] (Figure 4.9) may be 
affected by dilution of the reaction mixture with electrophoresis 
buffer during electrophoresis, since the values given for the [NaCl] 
may be significantly lower, bringing the curve obtained closer to 
that obtained by filter binding. 
Extra protein-DNA interactions due to dilution of the ionic 
strength of the reaction buffer may be decreased by the addition of 
non-specific competitor DNA (Garner and Revzin 1981 ). Binding 
curves obtained by both gel retardation and filter binding with 
increasing [NaCl] and 1 µg pCE30 as non-specific competitor DNA 
(Figure 4.9) suggest that , if anything, the stability of the specific 
roHD-DNA complexes is enhanced by this measure. The wide 
discrepancy between the results obtained by gel retardation and 
• 
filter binding is still clearly evident. 
Another way of reduc ing the dilution of the reaction 
mixture by the electrophoresis buffer is by placing the reaction 
buffer on top of the gel before loading the reaction mixtures 
(Garner and Revzin 1981) , although this lengthens the time taken 
for DNA to enter the gel under electrophoresis , if the reaction 
buffer is of higher ionic strength than the electrophoresis buffer. 
A similar discrepancy of an order of magnitude in the 
results obtained for dissociation constants by gel retardation and 
filter binding was observed for the lac repressor-operato r (Fried 
and Crothers 1981, Riggs et al.1970). However, in this case, it was 
the figure obtained from the gel retardation experiment which was 
higher, i.e. weaker binding (Fried and Crothers 1981 ). Yet, although 
the operator sequence was the same for both experiments, the size 
of the DNA fragments used was different- 46,000 bp for the filter-
binding study (Riggs et al.1970) and 203 bp for the gel retardation 
(Fried and Crothers 1981) - and so, the difference in affinities may 
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be a function of the size of the DNA fragment (Fried and Crothers 
1 981). 
There are a number of estimates of the dissociation 
constants for homeodomain protein-DNA interactions with which 
the results obtained for the roHD may be compared. The 
Ultrabithorax protein, Ubxlb (Beachy et al.1988) was found to 
exhibit a range ·of affinities for consensus sequences from its own , 
and the Antennapedia, promoter. A Kd of - 1 o-8 M was given for the 
strongest interaction between Ubxlb and the TAA-rich A-1 region 
of the Antp promoter. This figure was determined by DNAase I 
footprinting of the region with increasing [Ubx]. However, Beachy 
et al. (1988) noted that the Kd may be higher since the effect of 
the non-specific competitor poly d(I-C) (polydeoxyribonucleotides 
and inosine and cytosine) present in the reaction mixture, and the 
specific activity of the Ubxlb preparation, was not known. Indeed, 
this figure is at the lower end of binding affinities reported for 
purified mammalian and Drosophila transcription factors which 
have been found to have dissociation constants from 1 o- 9 to 1 o- 12M 
(Beachy et al.1988). However, the clustering of Ubx consensus 
sites near the promoter has suggested a cooperativity of binding, 
which may increase the overall affinity of Ubx for the whole region 
(Beachy et al.1988). 
Hoey and Levine (1988) do not give an estimate of Kd, but 
note the relative binding affinities of several full-length 
homeodomain proteins for a number of consensus binding sites. 
Thus, zerknullt (zen) has a 250-fold stronger preference for the k1 
as opposed to the k2 site in the engrailed promoter, and binding to 
k1 is 100-fold tighter than to the e4 site from the even-skipped 
(eve) promoter. Meanwhile, eve binds twice as tightly to the k1 
site as the k2, and the paired and engrailed proteins have around an 
equal affinity for both k1 and k2. These results were obtained by 
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DNAase I footprinting. 
Muller et al. (1988) give dissociation constants for the 
binding of the 68 amino acid Antp HD to a number of 
oligonucleotides. Binding sites, BS1 and BS2, were characterised 
in the engrailed promoter by DNAase I footprinting, and 26 bp 
oligonucleotides corresponding to these sites were synthesized 
(Muller et al.1988). A standard binding curve for each of these 
oligonucleotides was generated using gel retardation with a range 
of Antp HD concentrations from 6 x 10-10 to 4 x 1 o-s M. From this 
data, dissociation constants of 1.2 x 1 o-8 M and -2.5 x 1 o-s M were 
obtained for BS2 and BS1 respectively, whilst a non-specific 
oligonucleotide of the same size had a Kd of 2 - 4 x 1 o-7 M (Muller 
et al.1988). 
Thus, the estimates of the dissociation constants for the 
binding of the roHD to TAA5 and NP6 obtained by gel retardation are 
in the region of those obtained for other Drosophila homeodomain 
proteins , whilst those derived from filter-binding are higher (-2 x 
1 o- 7M) . However, the sequence and size of the DNA fragments used 
are different and so a direct comparison cannot be made. 
Further experiments are need to clarify the correct values 
of the dissociation constants for the interactions of the roHD with 
TAA5 and NP6 . Standard binding curves in which there is a low 
fixed concentration of roHD but a variable DNA concentration 
(Riggs et al.1970) may complement those obtained by varying the 
protein concentration . However, if the gel retardation and filter-
binding techniques continue to give such consistently different 
results, perhaps the use of the more accurate DNAase I footprinting 
method might give better titration results (Galas and Schmitz 
1978) . 
Competition studies may also be conducted to give 
information on the kinetics of the roHD-DNA binding. The rate 
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constant for dissociation can be determined by forming equilibrium 
protein-DNA complexes and then adding an excess of unlabelled 
specific, or non-specific, competitor DNA to sequester the protein 
as it dissociates from the radioactively labelled DNA fragment. 
The order of the reaction and its rate constant may be determined 
from the fraction of the original complexes remaining with time 
(Hendrickson 1985). Such kinetic studies have used either the 
filter-binding (Riggs et al.1970), or gel retardation techniques 
(Fried and Crothers 1981 ). A limitation of such kinetic studies by 
gel retardation is that the protein-DNA complexes should have 
"lifetimes" greater than around a minute (Fried and Crothers 1981, 
Garner and Revzin 1981). Otherwise samples are loaded directly 
onto a gel and electrophoresed; the sampling operation has been 
achieved in 15 seconds (Fried and Crothers 1981 ). In these 
dissociation experiments, it was the increasing concentration of 
free DNA which was quantitated, since it gave a more accurate 
result (Garner and Revzin 1981 ). 
Such a competition experiment could be used to determine 
the relative strength of binding of the roHD for TAA5 and NP6 by 
addition of an excess of one of these species to equilibrium roHD 
complexes of the other. 
4.2 5 Prospects tor a Purification Assay tor the rough 
homeodomain. 
The desirability of an assay for the roHD, which could be 
used in order to facilitate the purification of sufficient quantities 
of the protein for structural studies was discussed in Chapter 3. 
The studies described in this chapter indicate that the roHD has a 
sequence-specific DNA-binding activity, recognising the TAA5 and 
NP homeodomain consensus sequences. Hence, it should be possible 
to utilise this functional property of the roHD to develop a 
purification assay for it. 
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Such assays based on specific protein-DNA interactions 
have used filter-binding (Rosenfeld 1986) and gel retardation 
(Hendrickson 1985, Scheidereit 1988) to detect protein-DNA 
complexes. 
The basic criterion for a successful assay are the use of a 
specific DNA sequence for the protein, and conditions which 
minimise interference due to non-specific binding by other 
proteins in the cell extract (Hendrickson 1985). Either the TAA5 
or NP6 DNA fragments may be used as specific DNA sequences for 
the roHD . To minimise non-specific binding, an excess of 
unlabelled non-specific DNA is usually present in the reaction 
buffer; the cruder the extract, the greater the excess of non-
specific DNA that is required (Hendrickson 1985). Under high salt 
conditions (>0.3 M NaCl) non-specific binding is also reduced 
(Hendrickson 1985) . In purifying cyclic AMP receptor protein and 
the arabinose-C protein , Hendrickson (1985) found that a level of 
protein around 0.1 % of the total cellular protein was sufficient for 
their assay by gel retardation . 
High levels of non-specific competitor DNA were used in 
the. specific DNA-binding purification assay for nuclear factor I 
(NF-1) (Rosenfeld 1986), although the level of non-specific DNA 
binding activity in each protein fraction was also obtained by 
performing parallel nitrocellulose fitter-binding assays in order to 
more accurately correlate DNA-binding activity. A homeodomain 
protein, the B cell-specific octamer-binding transcription factor 
OTF-2, was monitored during its purification by a DNA-binding 
assay using gel retardation (Scheidereit et al.1988) . 
The data obtained from quantitative gel retardation 
assays using crude lysates have , under conditions which minimise 
non-specific binding interactions, been found to be identical to 
those from assays with purified proteins (Hendrickson 1985). 
A purification assay for the roHD based on its specific 
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Figure 4.11: The structure of the 6.8 kb Sph 1-Xho I rough fragment in pRO 1 (obtained 
from Dr R. Saint) and the DNA fragments generated by restriction enzyme digest of 
pRO l used in the DNA-binding study shown in Figure 4.12. 
The sequence of the Sph 1-Xho I rough fragment, and the sequence composition of the Sau 3A 
fragments is given in Figure 4.4. 
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interactions with TAA5 and NP6 (at -1 o- 8M) might start with 
conditions already tested. The most promising being to include an 
excess of non-specific competitor DNA (pCE30 at 1-5µg / 40µ1 
reaction) in the reaction at 0.3 to 0.4 M NaCl, in the standard 
reaction buffer (20 mM Tris pH 7.5, 1 mM OTT, 10% glycerol). At 
this [NaCl], the filter-binding assay has been found to be less 
sensitive than gel retardation (Figure 4.9). Thus, although the 
filter-binding technique has been found to yield a result in a 
shorter time (as little as 2 hours for 24 samples) than the gel 
retardation technique (although the gel takes 2-3 hours to 
electrophorese, autoradiography and densitometry of the 
autoradiogram take over a day) , the use of gel retardation as a 
method for detecting protein-DNA complexes has been found to be 
preferable for this system. 
4 2 6 Binding Studies whb the Promoter Region of rough. 
As discussed in Section 4.1.5, the region upstream of the 
start of rough transcription contains a number of homeodomain 
consensus sequences, including TAA5 . A crude way of searching for 
sequences to which the roHD binds in this region is by digesting 
this stretch of DNA into smaller fragments, end-labelling them, 
and then studying the relative affinity of the roHD for them by gel 
retardation . 
The region from 1861 bp upstream of the mRNA start site 
to 2063 bp into the gene (Figure 4.4) was removed from the 
plasmid, pfD1 (obtained from Dr Saint, University of Adelaide) by 
digesting the plasmid with Hind Ill and Sal I to give a 1.8 kb Sph I -
Sal I, and a 2.1 kb Sa/ I fragment (Figure 4.11 ). These were 
isolated and then digested with Sau3A to give smaller fragments 
(Figures 4.4 and 4.11) which were labelled with [a- 32P]dATP by 
end-filling. 
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Figure 4.12: Autoradiogram showing changes in the 
elctrophoretic mobility of DNA fragments from Sau3A 
digestion of the 1.8 kb and 2.1 kb DNA from pR01 in the 
presence of the roHD and Ubx lb extract. 
DNA fragments: pR01 plasmid DNA digested with Sal I and Hind 111 
(see Figure 4.11) to give 1.8 and 2.1 kb fragments containing -1861 
to 2063 of the rough locus (see Figure 4.4). These fragments were 
digested with Sau 3A to generate a range of fragments (see Figure 
4.4 for sequence composition of fragments): 
1 .8 kb: 854 / 384 / 294 I 150 / 126. 
2.1 kb: 821 / 473 / 337 / 216 / 190 / 55 / 17 / 7. 
Binding reactions: [a.- 32 P]dATP end-labelled Sau 3A DNA fragments 
(5 nM) were mixed with roHD (42 nM) and Ubx lb extract (3 µI) in 
binding buffer (20 mM Tris pH7.5, 1 mM OTT, 10% glycerol) with, or 
without, non-specific competitor DNA (1 µg pCE30), and varying 
concentrations of NaCl, to give a total reaction volume of 40 µI. 
Reactions were incubated on ice for 30 minutes and then 
electrophoresed. 
Reactions: 1.8 / 2.1 kb (5 nM), roHD (42 nM): A, 0 nM roHD; B, 60 mM 
NaCl, 0 µg pCE30; C, 60 mM NaCl, 1 µg pCE30; D, 480 mM NaCl, 0 µg 
pCE30; E, 480 mM NaCl, 1 µg pCE30; Ubx lb extract (3 µI): F, 60 mM 
NaCl , 0 µg pCE30; G, 60 mM NaCl, 1 µg pCE30; H, 480 mM NaCl, 0 µg 
pCE30; I ,480 mM NaCl, 1 µg pCE30. 
Gel electrophoresis: 5% 0.5 x TBE polyacrylamide gel (0.5 mm 
thick) was pre-electrophoresed at 300 volts for 30 minutes at 
room temperature. After loading 4 µI of the binding reactions, 
electrophoresis was at 300 volts for 1 hour, 800 volts for 1 hour. 
The gel was then dried and autoradiographed. 
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Figure 4.12 : Auto radiogram showing changes in the 
electrophoretic mobility of DNA fragments 
from Sau 3A digestion of the 1.8 kb and 
2.1 kb DNA from pRQ1 in the presence of 
the roHD and Ubx lb extract. 
Binding of the roHD and Ubxlb to these fragments was 
investigated by gel retardation (Figure 4.12). These studies showed 
that all of the fragments from both the 1.8 and 2.1 kb pRJ bands 
were retarded in their migration through polyacrylamide gels under 
conditions of low salt (75 mM NaCl) in the absence of non-specific 
competitor DNA (see Figure 4.12). However under more stringent 
conditions, some bands seemed to be preferentially bound. 
From the 1.8 kb fragment, the 126 and 150 bp bands were 
less retarded with competitor DNA than the 294, 384, and 854 bp 
bands, although three novel bands were evident between the 150 
and 294 bp bands, even at the most stringent condition tested, (480 
mM NaCl + non-specific competitor DNA; lane E). There was also a 
new band above the 294 bp band, and at least six bands between the 
TAA5-containing 384 bp band and the largest 854 bp fragment, 
which was also retarded (Figure 4.12). 
The fragments from the 2.1 kb DNA were not retarded to 
the same extent under stringent conditions (Lane E, Figure 4.12). 
There was no evidence that any of the smaller fragments (7, 17, 
and 55 bp, not shown) , or the largest 821 bp band had been 
retarded. However, a novel band was evident above the 216 bp 
band, the lower relative intensity of the 190 bp band indicating 
that this is probably the one bound; bands were also seen above the 
337 and 473 bp bands. 
The Ubx extract (Figure 4.12) did not seem to bind 
strongly to any of the fragments under these stringent conditions 
(Lane I), although some 32 P was retained in the loading well. 
At increasing [roHD] under the same conditions (not 
shown), higher [roHD] (1000 and 2000 nM) showed a greater 
relative retardation of all fragments, although the smaller 
fragments (126 and 150 bp from 1.8 kb; 7, 17, and 55 bp from 2.1 
kb) were not as strongly retarded, which suggested that this 
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additional binding was of a non-specific nature. 
Although footprinting experiments of this entire DNA 
region with the roHD would provide the most detailed information 
about the sequences recognised by the roHD, there is another 
procedure which can facilitate the search for binding sites. This 
entails the isolation of specific protein-DNA complexes using the 
filter-binding assay, followed by elution of the bound DNA from the 
nitrocellulose filters; this DNA is then separated by gel 
electrophoresis, and the relative amounts of the bound fragments 
may be determined by densitometry (Hennighausen 1987; Beachy et 
al.1988). Using such a procedure, fragments from the digestion of 
a 7 kb stretch in the region of the Antennapedia gene were 
screened for Ubx binding sites (Beachy et al.1988). The three 
fragments for which Ubx had the highest affinity were 
subsequently studied by DNAase I footprinting (Beachy et al.1988). 
Even if a DNA fragment contains a strong binding site , as little as 
5-20% of this fragment may be retained on the filter (Hennighausen 
and Lubon 1987) , although Beachy et al.(1988) obtained a 60% 
retention for their highest affinity fragment. This procedure was 
not tried for the roHD, but could yield much clearer data than that 
shown in Figure 4.12 regarding the affinity of the roHD for sites in 
the DNA studied. 
It is difficult to deduce much from these studies, and it 
is necessary to isolate each of these fragments before testing 
them for specific binding by the roHD. However, all of the 
fragments from the 1.8 kb band, which spans the region 
immediately upstream of the rough transcription start site , 
seemed to be bound under stringent conditions. There also seemed 
to be some retardation of the fragments from the 2.1 kb band, 
containing DNA from the transcription start site (190 bp) and the 
first intron (all but 821 bp, which contains the first rough exon). 
It seems likely that, in vitro, the roHD protein can recognise and 
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bind to sequences in its own gene locus ( especially the (TTA) 5 
sequence). However, this does not necessarily reflect an 
autoregulatory function in vivo. 
4.3 Materials and Methods. 
4.3.1 DNA Consensus Sequences. 
TAA5 (obtained from C. Desplan (Desplan et al.1988) : The 5'-
TAATAATAATAATAA sequence was inserted at the Sma I site of 
the M13mp18 polylinker. An EcoR I/ Hind 111 digestion of this phage 
gave just two fragments - one of 67 bp with the TAA5 sequence; 
the other is 7.2 kb long. 
~ (obtained from C. Desplan (Desplan et al.1988) : The 5'-
TCAATTAAATGA sequence occurs 6 times in the orientations: 
<<.>>>>. This was inserted into the BamHI site of M13mp18. 
EcoRII Hind Ill digestion gave a 125 bp fragment containing NP6 , and 
the 7.2 kb fragment. 
M13mg18 golylinker sequence (EcoRI to Hindi 11) : 5'-GAATTCGAGCTC 
GGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTI. Smal 
site is underlined (TAA5 insertion site), BamHI site in bold (NP6). 
Single-stranded M13 preparations of TAA5 and NP6 were prepared. 
Nucleotide sequencing was used to confirm their identity. Double-
stranded M13 DNA was prepared by harvesting M13 infected cells 
(TG1 = [F', /acl'l]), using a plasmid preparation method (see Section 
2.3.8). 
pTZ1 Bu Subcloning and Preparation : The plasmid pTZ18u has the 
M13mp18 polylinker (Pharmacia). TAA5 and NP6 M13 DNA were 
digested with EcoRI and Hind Ill. The DNA fragments bearing the 
consensus sequences were ligated into the EcoR I/ Hind 111 digested 
pTZ18u. TG1 was transformed, and the transformants screened for 
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the presence of the insert by EcoR I/ Hind 111 digestion and end-
labelling. 
Purification of Small NP 6/T AA 5 fragments : The small fragments 
from EcoRI/Hindlll digestion of NP6/TAA 5 were purified from a 
native 5% TBE polyacrylamide gel: the bands were visualised with 
U.V. following staining with EtBr (0.5mg/litre TSE), and excised . 
The DNA was eluted from the acrylamide by crushing the bands into 
elution buffer (0.5 M NH40Ac, 0.01 M MgCl2 , 0.1 mM EDTA, 0.1% SOS) 
and leaving at 37°C overnight. This mixture was centrifuged, the 
eluate removed , and the DNA was precipitated by addition of 
ethanol at -70°C , and by centrifugation at 89,000g for 90 minutes 
at 4°C. 
3102 (obtained from Dr. Saint, Adelaide University) : This is a 
pBR322 derivative with a 3 kb EcoRI fragment from the promoter 
region of the Ubx gene. It includes the consensus sequence TAAn in 
the U-A and U-8 regions (Beachy et al.1988). Digestion with 
EcoRI/Hae Ill and labelling gave 4 labelled fragments : 273 bp (with 
the entire U-8 region), 162, 34, and 13 bp . 
82 bp and 132 bp DNA used in Section 4.2.4 prepared by digestion 
with EcoRI/Hindlll (82 bp) and EcoRI (132 bp), and purification of 
the fragments from a polyacrylamide gel as with TAA5 and NP6 . 
Sequences: 82 bp: 5'-AA TICGAGCTCGGTACCCGGGGATCCTCT AGAGT 
TCGACGTCACGCGTCCATGGAGATCTCGAGGCCTGCAGGCATGCAAGCT. 
132 bp , this is the 82 bp sequence with an additional 40 bp at the 
3' end: 5' -TGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGT ACCGA 
GCTCGAATT. 
4.3 .2 Protein Preparations. 
rough Homeodomain : As discussed in Chapter 3. 
Ultrabithorax : The plasmid, pPL Ubx-lb (obtained from L.Gavis, 
Stanford University; Beachy et al.1988) has the Ubxlb cDNA under 
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the control of the ). PL promoter. Its expression to give the 40 kD 
Ubxlb protein had been tested in a number of strains containing 
cl857, utilising temperature shift induction, but Beachy et al. 
(1988) found that the most soluble protein was obtained by using 
the strain AR120 (a cl cryptic lysogen), induction was achieved by 
addition of nalidixic acid to activate rec A function; rec A then 
inactivated cl repression of PL. Hence, it was decided to use 
nalidixic acid induction of AR120 pPL Ubx-lb. This was achieved by 
addition of 40µg/ml nalidixic acid to the exponential AR120 pPL 
Ubx-lb culture growing at 37°C, harvesting cells 4 hours later. 
There was no discernible difference between induced and uninduced 
extracts on SOS-PAGE so N4830 (carrying cl857) was used as host 
strain. Induced extracts of this clone showed little improvement 
on SOS-PAGE gels. Since Beachy et al. (1988) reported that cleared 
lysates of the AR120 clone were adequate for filter binding, it was 
decided to use this strain, but to take the Ubx protein to a greater 
purity by following their purification procedure. Thus, induced 
extracts of AR120 pPLUbx-lb were prepared by freeze/thaw/ 
lysozyme lysis and centrifugation at 80 ,000g for 30 minutes. To 
the supernatant was added 0.5% Polymin P. After mixing for 20 
minutes, this was spun at 7,500g for 15 minutes. This supernatant 
was brought to 30% ammonium sulphate saturation (as oppose to 
the reported 20% which had apparently resulted in a loss of 80% of 
the Ubx present), mixed for 1 hour, and precipitated at 45,000g for 
30 minutes. This pellet was resuspended in the Ubx buffer (50 mM 
Tris, 5% glycerol, 1 mM OTT, 0.1 M NaCl.pH 7.4) and dialysed 
against this buffer several times. Since at this stage, there was 
little encouraging sign on SOS-PAGE gels of a significant 
enrichment of the Ubx protein, it was decided not to embark upon 
column chromatography but rather to use this extract in the 
binding studies presented here. 750ml of induced cell culture was 
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reduced to a volume of 10ml in this final extract which contained a 
mixture of proteins larger than 20 kdal as visualised on S DS-PAG E 
gels. 
HU 1/11: This pure protein solution was prepared during the roHD 
purification described in Section 3.2.2. Its concentration was 
estimated as 250µg/ml. 
Egg-White Lysozyme (Sigma} : A 1 Omg/ml solution of the 
anhydrous protein (Mwt. 14,300) was made up in 75 mM NaCl 
binding buffer. 
4 3 3 South-Western Blot 
This technique was adapted from Hubscher (1987). A 7% 
SOS-PAGE of the protein extracts was run and blotted as for a 
Western blot (Section 5.3). The nitrocellulose membrane was 
rinsed twice in TBS, blocked for two hours, rinsed in TBS and then 
incubated in endlabelled solutions of NP6/TAA 5 and 3102 at 1µg/ml 
in 1 % gelatin/TBS for 3 hours. The membrane was finally washed 
in TBS for 30 minutes, air dried and autoradiographed. 
4,3.4 Gel Retardation 
The gel retardation studies with the rough homeodomain 
used 40µ1 reaction volumes in binding buffer (20 mM Tris pH7.5, 1 
mM OTT, 10% glycerol, 75-720 mM NaCl). DNA concentrations were 
assessed using A260 with the extinction coefficient of 13,000 M· 
1 cm· 1 per mole of base pairs. Binding reactions were at 
temperatures indicated (0°C, -25°C, 30°C) for the times indicated 
(3o minutes or 1 hour). The DNA and protein-DNA complexes were 
separated on polyacrylamide gels (5, 10, or 15% as indicated) with 
0.5 x TBE buffer (45mM Tris, 45mM borate, 1.25mM EDTA, pH 8.0). 
Gels were pre-run at 300 volts for at least 30 minutes. After 
loading binding reactions, gels were electrophoresed for a further 
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2 hours at 300 volts (or as indicated). Gels were electrophoresed 
at 4°C or -25°C as indicated. They measured 1.5 x 200 x 150 mm 
( except those shown in Figure 4.12 = 0.5 x 200 x 400 mm). Gels 
were soaked in 5% glycerol, 0.5 x TBE for 30 minutes, dried and 
autoradiographed. 
4.3 .5 Preparation of the TAA5 Oliqonucleotide . 
The 15-mer single-stranded oligonucleotides, 5'-TAA5 
and 5'-TT A5 were synthesized using an Applied Biosystems 3808 
DNA synthesizer by staff at the John Curtin School of Medical 
Research. These were presented in ammonia solution, rotary 
evaporated to dryness, and resuspended in TE. The concentration of 
the nucleotides was determined from the A260 , using an extinction 
coefficient of 38,500 for TAA5 (Mwt. 4905), and of 74,800 for 
TTA5 (Mwt. 4860) . The TAA5 oligonucleotide was labelled by 
phosphorylating it with [y- 32 P]dATP (1 OmCi/ml; Amersham) and 
polynucleotide kinase (Boehringer Mannheim) in kinase buffer (50 
mM Tris pH7.6, 1 O mM MgCl2 , 5 mM OTT, 1 mM spermidine, 1 mM 
EDTA) at 37°C for 30 minutes . This reaction was chased with 0.5 
mM ATP for another 30 minutes , and stopped by addition of 100 mM 
EDT A. The labelled oligonucleotide was purified from 
unincorporated label by loading it onto a Mono-Q anion exchange 
column (Pharmacia) in 50 mM Tris 7.5, 50 mM NaCl , running a 50 
mM to 1 M NaCl gradient (15 ml). The radioactivity of elution 
fractions was assessed in a scintillation counter. The 
concentration of the labelled TAA5 was determined, and the 
double-stranded oligonucleotide made by addition of a 10% excess 
of unlabelled TTA5 at 60°C and slow cooling . The mismatched 
oligonucleotides, which were generated to give > 15 bp fragments , 
were made by mixing labelled TAA5 with a 10% excess of TTA5 at 
65°C before rapidly cooling the mixture on ice . This was then 
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labelled with [ex- 32P]dATP by end-filling. 
4 3 s filter Binding 
This used Millipore nitrocellulose filters (0.45mM pore; 
25mm diameter). The binding reactions were identical to those 
used in gel retardation. These were applied to the filter under 
suction, and washed with 3 ml of binding buffer. Filters were 
placed under infra-red illumination until dry. These were then 
placed in a plastic scintillation vial with 5ml of scintillant (2.5 I 
toluene, 12.Sg PPO, 0.25g POPOB) and counted in the 32p lane of a 
scintillation counter. The 100% count for the input labelled DNA in 
each experiment was determined by filtering the input labelled 
DNA (in 100µ1 DNA stop solution (1 OmM EDTA, 0.2g/ml herring 
sperm DNA) and 1 ml NaPPi (10% TCA, 1 OOmM sodium 
pyrophosphate) through a glass fibre filter after standing for 20 
minutes on ice. DNA was retained quantitatively on the glass filter 
whilst unincorporated 32 P dATP is flushed through during washing 
with 3 ml NaPPi. The dried filters were counted as above. 
4.3 Z Ouaotification of Autoradjograms by Laser Densitometry 
A quatitative evaluation of the autoradiograms was made 
using as LKB UltroScan XL Laser Densitometer. Multiple line scans 
were taken over an X-width of 8,000 microns. The scans were 
processed by the machine's digital integration facility to give the 
areas of each peak from which the relative quantities of DNA in the 
unbound DNA bands could be determined. Care was taken not to 
exceed the upper limit of the detection system (4 AU) by not using 
over-exposed autoradiograms . To assure linearity of the results, 
intensifier screens were not used during autoradiography. 
111 
CHAPTER s 
lmmunochemical Studies of the rough Protein. 
s 1 Introduction, 
There have been many accounts of the use of 
immunohistochemical studies of the spatial and temporal location 
of Drosophila proteins in vivo. Gene products studied in this way 
include the homeodomain proteins, engrailed (DiNardo et al.1985), 
fushi tarazu (Carroll and Scott 1985), Ultrabithorax (White and 
Wilcox 1984), and sevenless (Banerjee et al.1987) , which is 
another of the proteins involved in eye ommatidial development 
(Section 1 .2) . 
All of these studies entailed the construction of hybrid 
genes with all, or part of , the · coding region of the genes. These 
hybrid genes were exp_ressed to give fusi<!Jn proteins against which 
polyclonal antibodies were raised . 
It was decided to follow a similar procedure to study 
rough immunochemically. 
5.2 Results and Discussion. 
s.2 1 Preparation of the fusion Gene. 
The intention here was to produce a hybrid gene encoding a 
fusion protein of ~-galactosidase/rough HD by fusion of the rough 
homeobox to the 3' end of the E. coli lacZ gene. The vector system 
used was pEX, a series of bacterial expression vectors derived 
from a Cro-lacZ gene fusion plasmid which expresses large 
quantities of fusion protein under the control of the PR promoter of 
bacteriophage lambda (Stanley and Luzio 1984). A polylinker 
present at the 3' end of the lacZ gene permits insertion of foreign 
coding DNA in all three translational reading frames. 
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EcoRV Ava II 
332 397 
Bglll 
521 
183bp rot-D 
EcoRV 
645 
333 bp open reading frame (~RF) 
EcoRV 
860 
Ava II 
2200 
DNA fragment containing the rough homeobox; 
sequence from 332-863 is given in Figure 2.4a). 
pEX2 
(5.8 kb) 
Eco RI digestion 
Induction of pEX2 In a cl857 E.coli strain 
gives a 116.5 kdal Cro-/acz protein. 
Cro-lacZ 
i) Ava II digestion; 
ii) end-fill 1.8 kh fragment; 
iii) ligate Eco RI linker {CGGAAJJCCG) 
iv) Eco RI digestion; 
v) ligate into M13mp18, confirm 
construct by nucleotide sequencing; 
vi) Eco RI digestion; 
vii) ligate 1.8 kb fragment into pEX2. 
Eco RI 
X17 
(7.6 kb) Eco RI 
Induction of X17 in a cl857 E.coli strain gives 
a 125 kdal Cro-/acz-roORF fusion protein (see 
Figure 5.3a). 
Figure 5, 1: Construction of the plasmid. X17, The correct insertion of the roORF was confirmed by nucleotide 
sequencing (see Figure 5.2) 
The rough homeobox sequence to be inserted was removed 
from the 3 kb EcoRI-Sa/ I rough genomic fragment (Figures 1.1 and 
2.4). Th is was digested with Ava II to give a 1.8 kb fragment 
(Figure 5.1 ). To prepare this for insertion into the pEX plasmid, the 
Avail sites were end-filled and EcoRI linkers (CGGAATTCCG from 
New England Biolabs) were ligated to each end of the fragment 
(Figure 5.1 ). Ttie linkered fragment was now digested with EcoRI 
and subcloned into the EcoRI site of M13mp18 . Single-stranded 
M13 DNA was sequenced to confirm the arrangement of the 5' end 
of the homeobox with respect to the EcoRI site . A double-stranded 
DNA preparation of the desired M13 clone was made, and the rough 
fragment was removed by EcoRI digesion. This 1.8 kb EcoRI 
fragment was ligated into the EcoRI site of the pEX2 plasmid to 
give an in-frame fusion with the 3' end of the lacZ gene (Figure 
5.1 ). The host strain for this plasmid was N4830 which carries the 
cl857 gene in a defective prophage in its chromosome (his bio 
')._defc/857; Gottesman ·et al.1980). Transformants were screened 
for temperature sensitivity at 42°C, and DNA from sensitive 
transformants was digested with Bg/11 to confirm the orientation 
of the insert. 
The nucleotide sequence of the desired construct, X17, 
was obtained by subcloning a blunt-ended Bg/11- EcoRV fragment 
into pTZ1 Bu (the Sma I and end-filled BamHlsites), sequencing the 
single-stranded DNA obtained by M 13 infection of this clone (see 
Figure 5.2). 
The presence of a fusion protein in induced X17 extracts 
was seen on S DS-PAG E gels. It runs at around the predicted 125 
kdal as opposed to the Cro-lacZ product from induced pEX2 which 
runs at 117 kdal (Figure 5.3). X17 contains DNA from the rough 
genomic fragment encoding 95 amino acids (from the Aval I site in 
Figure 2.4). Subsequently, it was discovered that a splice site 
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Figure 5.2: 3' to 5' nucleotide sequence of the x17 plasmid 
from the Bal II site in the rough homeobox to the fusion 
with the lac z gene. 
The sequence was obtained by sub-cloning an end-filled 
Bgl I I-Eco RV fragment from X17 into pTZ18u (end-filled following 
Sma I- 8am HI digestion), obtaining single-stranded DNA by M13 
infection of this clone, and sequencing this DNA using the dideoxy 
method (see Section 2.3.12). The sequence is of the non-coding 
strand of the X17 DNA, and hence, runs 3' to 5' from bottom to top 
for the protein-coding strand. The highlighted regions are: 1, 
CTIAAG (=GAATIC), Eco RI site marking the in-frame fusion of the 
lac Z gene with the rough open reading frame (see Figure 5.1 ); 2, 
GCTGG (=CGACC), linker ligation to the end-filled Ava II site; 3,4, 
TCTAGG (=AGATCC), ligation of the end-filled Bgl II site in the 
rough homeobox to the end-filled 8am HI site in pTZ18u. 
G A T C 
TCATAGCCG 
--CCTT AAGGCGC __ TGG _TGA 
I 2 
id --AAG TCG TGT CTC GTC TGC 
ng 
y 
p 
he 
--GAA GCG GAC CTC CAC CTC 
AAG GT A GCC TTG CTC ATG 
TAG AGG TCC TCA GCA GCG 
--AAG CTC GAC CGG CTT TGC 
GAC GCA GAC TGG CTT TGC 
--GTT TAG TT CTAGG 
3 4 
Figure 5.2: 3' to 5' nucleotide sequence of the X17 plasmid 
from the Bal II site in the rough homeobox to the 
fusion with the lac z gene. 
occurs shortly after the homeobox in this open reading frame 
(Figure 1.1; Tomlinson et al.1988) . Thus, the X17 construct 
encodes 65 amino acids corresponding to the middle exon of rough 
starting 6 amino acids inside the homeobox. 30 superfluous amino 
acids are encoded in the DNA between the splice site and the stop 
codon of the open reading frame (Figure 2.4). It was hoped that, 
although only 65 out of the 1075 amino acids comprising the X17 
fusion protein matched the rough protein (i.e. 6%), there would be 
sufficient antigenic sites to generate antisera that would have 
sufficient activity for use in immunological detection of the 
rough protein. 
5.2.2 Preparation of the X17 Fusion Protein. 
The X17 fusion protein was produced by temperature shift 
induction (30 to 42°C) of exponential-phase cultures of X17 . Time 
couse studies suggested that 2 to 3 hours at 42°C gave the best 
yield of fusion protein (Figure 5.3) . The fusion protein is very 
insoluble unlike the ~-galactosidase expressed from pEX2. This is 
presumed to be due to aggregation (Stanley 1983; Section 3.1 ). 
Sonication was necessary to break up the induced cells sufficiently 
to solubilise the fusion protein in SDS-lysis buffer in order to 
visualise it on SOS-PAGE gels. To obtain large enough quantities of 
the fusion protein to use as an antigen, a one litre culture was 
adequate since the fusion protein accounts for at least 10% of 
total cell protein. A comparison of lysis procedures showed that 
sonication was preferable to freeze/thaw lysis in solubilising 
more of the unwanted bacterial proteins in the lysate. 
Centrifugation gave a pellet in which the fusion protein accounted 
for the majority of the protein. To purify the fusion protein from 
the pellet preparative SOS-PAGE was used, wherein the protein 
was recovered from the excised gel slice corresponding to the 
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Figure 5.3: a} SDS-PAGE showing the time course of 
induction of the fusion protein • X17: b} Western blot 
showing the binding of X17 antibodies to fractions in a}. 
a) X17 cells were grown at 30°C to A59snm -0.5; they were then 
grown at 42°C to induce expression of the X17 fusion protein. 1 O ml 
aliquots of the induced cell culture were taken at the times shown 
and the cells were lysed by sonication at 180 Watts for 1.5 
minutes. The lysates were centrifuged at 120009 for 10 minutes at 
4°C. The pellets were then resuspended in SOS-buffer to 
A59snm= 10, and heated at 95°C for 1 O minutes; 25 µI was loaded 
onto a 7% SOS-polyacrylamide gel, and separated by 
electrophoresis. The X17 fusion protein, with a Mr - 125 kdal, is 
indicated. 
b) A protein gel similar to that in a) was blotted with 
nitrocellulose membrane as described in Section 5.3.4. The transfe r 
buffer was 20 mM Tris, 150 mM glycine, 20% methanol, pH 8.3. 
Transfer was for 15 hours at 25 volts at room temperature. The 
antibody-staining procedure was as described in Section 5.3.4; the 
X17 antisera was diluted 1 in 1000; the secondary antibody was 
peroxidase-conjugated anti-rabbit lgG. The position of the purified 
X17 fusion protein (3 µg was loaded onto SOS-PAGE), and 
~-galactosidase (Sigma; 3 µg loaded onto SOS-PAGE), is indicated. 
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Figure 5.3: a) SOS-PAGE showing the time course of induction of the fusion protein. X17 
b) Western blot showing the binding of X17 antibodies to fractions in a). 
-X17 
-J3-gal. 
protein by electroelution (OiNardo et al.1985). The concentration 
of the recovered fusion proteins was assessed by SOS-PAGE with a 
range of known concentrations of p-galactosidase. Around 1 mg of 
X17 fusion protein was purified in this way from 200ml of cell 
culture. 
5.2.3 Raising o·f Polyclonal Antibodies. 
Polyclonal antibodies were raised in two rabbits by 
injecting them intramuscularly with a 1 :1 emulsion of purified X17 
protein (130µg) with Freund's Complete Adjuvant (Carroll and 
· Scott 1985). Ten days after the primary injection the rabbits were 
given a booster injection (150µg X17 in Freunds's Incomplete 
Adjuvant). The rabbits were bled 10 days later, and given a further 
booster injection (1 OOµg), before being bled again 1 O days later. 
There were further boosts at 10 day intervals, before the rabbits 
were bled out. 
The specificity of the antibodies for the fusion protein 
was investigated by Western blotting of SOS-PAGE gels with 
purified X17 protein, p-galactosidase and crude extracts of induced 
and uninduced X17 cells (Figure 5.3). Control sera obtained from 
the rabbits prior to the primary injection did not stain the X17 or 
p-galactosidase proteins, and relatively little background was 
evident (not shown). Bleeds taken subsequent to the first booster 
injection exhibited a strong affinity for the fusion protein. The 
induced extract showed a wide range of stained protein bands 
running below X17 and the bacterial p-galactosidase (Figure 5.3). 
However, the absence of these bands in the uninduced extract 
suggests that they are protein fragments produced by degradation 
of the fusion protein, which has been observed with other P-
galactosidase fusion proteins (Stanley 1983). 
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Figure 5.4: a} Western blot showing the binding of X17 
antibodies to wild-type <Canton-$} Drosophila protein 
extracts ; b} Western blot showing the binding of X17 
antibodies to Drosophila wild-type. ro1• and ,ow protein 
extracts. 
a) Protejn extracts· A, pupal: 30 white (early) pupae were 
suspended in 200 µI SOS-buffer, and heated at 95°C for 1 hour, 40 
µI was loaded; B, 100 imaginal eye discs from 3rd instar larvae 
were suspended in 40 µI SOS-buffer, heated 95°C 1 hour, 40 µI 
loaded; C, 50 3rd instar larvae in 200 µI SOS-buffer as above, 40 
µI loaded; D, 10 2nd instar larvae suspended in 50 µI SOS-buffer as 
above, 50 µI loaded; E, purified X17 fusion protein (3 µg was loaded 
onto SOS-PAGE), and ~-galactosidase (Sigma; 3 µg loaded onto 
SOS-PAGE). 
SOS-PAGE; 10% separating gel. 
Western blot: gel blotted with nitrocellulose membrane as 
described in Section 5.3.4. The transfer buffer was 20 mM Tris, 
150 mM glycine, 20% methanol, pH 8.3. Transfer was at 25 volts for 
15 hours at room temperature. The antibody-staining procedure 
was as described in Section 5.3.4; the X17 antisera was diluted 1 
in 500; the secondary antibody was peroxidase-conjugated anti-
rabbit lgG. The positions of the two protein bands stained in lane B 
are indicated. 
b) Protein extracts· F, pre-stained molecular weight standards 
(BioRad); G, 110 Canton-S (wild-type) 3rd instar larvae were 
homogenised in 300 µI SOS-buffer with a 1 ml glass tissue grinder, 
and heated at 95°C for 15 minutes, 41 µI was loaded; H, 67 ro1 3rd 
instar larvae homogenised in 150 µI SOS-buffer, 45 µI was loaded; 
I, 76 row 3rd instar larvae homogenised in 200 µI SOS-buffer, 
50 µI was loaded. 
SOS-PAGE: 7 .5 to 15% polyacrylamide gradient separating gel. 
Western blot· gel blotted with PVOF membrane as described in 
Section 5.3.4. The transfer buffer was 20 mM Tris, 150 mM glycine, 
20% methanol, pH 8.3. Transfer was at 200 mA for 15 hours at 4°C. 
The antibody-staining procedure was as described in Section 5.3.4; 
the X17 antisera was diluted 1 in 500; the secondary antibody was 
alkaline phosphatase-conjugated anti-rabbit lgG. The positions of 
the protein bands -39 kdal in lane G, and -30 kdal in lane I are 
indicated. 
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Figure 5.4: a} Western blot showing the binding of X17 antibodies to wild-type Drosophila 
protein extracts; b} Western blot showing the binding of X17 antibodies to 
Drosophila wild-type. ro 1 , and ,ow protein extracts. 
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Figure 5.4cl: The rough mutants. ro1 and row <from Saint 
et al. 1988) 
ro 1 mutation: a middle-repetitive sequence is inserted between the 
San and BamHI sites, this corresponds to the first intron of rough 
(Tomlinson et al. 1988; Figure 1.1 ). 
row mutation: a single point mutation in the homeobox which 
changes a Trp codon to a Stop codon. This change is predicted to 
result in a 237 amino acid protein (wild-type rough protein = 350 
amino acids). 
B- BamHI (+1170) Bg- Bgnl (+3549) E- EcoRI (+3028) S- San 
(+2063) Sm- Smal (+2582) 
5.2.4 Western Blots of Insect Protein Extracts, 
Extracts from the larval stages and pupae were prepared 
in SDS-lysis buffer, and separated on SOS-PAGE. Western blots of 
these gels were obtained using X17 antisera (Figure 5.4) . There 
were clearly several stained protein bands in the various extracts . 
The rough protein has a predicted molecular weight - 43 ,000 
(Tomlinson, et al. 1988) and, in-situ hybridisation studies have 
localised its expression to just the eye imaginal disc, and a region 
of the brain, of third instar larvae (Saint et al.1988). 
The whole third instar larval and pupal extracts in Figure 
5.4a) (Lanes A and C) contained a strongly staining band at -70 
kdal; lower molecular weight proteins were also evident, notably 
around 20 kdal. However, dissected eye-antenna! imaginal discs 
from third instar larvae (Lane 8) gave just two protein bands at 
-45 kdal. No protein bands were stained in the second instar 
larvae (Lane D) : It is possible that one of the bands in the eye disc 
extract is rough. 
A Western blot was obtained (Figure 5.4b) with protein 
extracts of the wild-type Canton-S third instar larvae , and of two 
rough mutants, row and ro 1 (Figure 5.4c); Saint et al.1988). The 
only significant differences in the staining pattern between the 
three extracts is the presence of a band migrating at -38 kdal in 
the wild-type (Lane G) and a protein -30 kdal in row (Lane I) . This 
might be explained in terms of the rough protein. The 38 kdal band 
in Lane G may be the wild-type rough protein , which migrated 
anomalously with respect to the prestained molecular weight 
markers due to the highly viscous nature of these extracts. The 
ro 1 mutation (Figure 5.4c) is thought to interfere with the 
expression of rough (Saint et al.1988) and, although the coding 
region of rough is unaffected, the levels of rough protein expressed 
in ro 1 are predicted to be very low relative to the wild-type. 
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Figure 5.4 d} : Eye-antenna! imaginal disc stained with 
X17 polyclonal rabbit antibodies and a fluorescein-
conjugated anti-rabbit secondary antibody {Eric Hines, 
CSIRO Division of Entomology}. 
Al (from Tomlinson and Ready 1987) : A late third instar eye-
antennal disc; anterior is to the top. The upper portion is the 
antenna! disc which is folded into a series of concentric rings, and 
below it is the broad, slightly cupped eye disc. The morphogenetic 
furrow runs dorsoventrically across the eye disc. Ommatidial 
patterning occurs posterior to the furrow. At the posterior of the 
eye disc is the optic stalk which carries axons to the brain. 
ID. A portion of a third instar eye imaginal disc treated with X17 
antibodies detected by a fluorescent stain. 
Procedure : Eye-antenna! discs were dissected from third instar 
larvae into fixative (4% formaldehyde, 0.2M phosphate pH 7.2), and 
left to fix overnight at 4°C. Discs washed in TBS (20mM Tris, 0.5M 
NaCl pH 7.5) overnight at 4°C, then permeabilised with 0.25% 
Saponin in TBS for 60 minutes at 20°C. Washed in TBS, 0.25% Triton 
X-100 for 1 O minutes , then blocked with 1 % BSA for 60 minutes at 
20°C. Washed in TBS, 0.25% Triton X-100 for 1 O minutes, then 
incubated in X17 antibodies diluted 1 :1 in TBS, 0.25% Triton X-100 
for 24 hours at 4°C. Blocked with 1 % BSA overnight at 4°C, and 
washed in TBS, 0.25% Triton X-100 for 10 minutes. Incubated with 
goat anti-rabbit fluorescein isothiocyanate-conjugated secondary 
antibodies diluted 1 :25 with TBS, 0.25% Triton X-100 for 6 days at 
4°C . Washed in TBS, 0.25% Triton X-100 for 2 hours at 4°C, then in 
TBS for 10 minutes. Whole mount in 90% glycerol in TBS. 
The photograph shows the fluorescent light microscopy view 
of a posterior corner of an eye disc. The morphogenetic furrow 
runs dorsoventrically (it has not migrated as far as in Al). Just 
behind the furrow a band of fluorescence is evident. 
.cJ.: a higher magnification view from the centre of fil. The 
photograph shows the fluorescent band with the morphogenetic 
furrow above it. 
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Hence, a rough protein band if evident, would be much fainter than 
the wild-type (Lane H). Finally, the row mutation (Figure 5.4c) is 
predicted to result in the expression of a truncated rough protein 
(237 amino acids, -29 kdal). Thus, the band in row (Lane I) may 
correspond to this mutant protein. 
s 2 s tmmunohjstochemistry of Eye-jmmaqjnal discs, 
Expression of the rough gene has been shown at low levels 
in the developing eye-antenna! imaginal disc and a small region of 
the brain in the third instar larvae (Saint et al.1988) . The 
expression in the imaginal disc was limited to that region destined 
to give rise to the retina and was maximal at the site of the 
morphogenetic furrow, although hybridisation was also detected 
apically in more posterior regions through which the 
morphogenetic furrow had passed. This pattern of expression is 
similar to that observed for sevenless (Banerjee et al.1987) which 
also has a role in the correct formation of the photoreceptors 
(Section 1 .1) 
The morphogenetic furrow is the site of the early pattern 
forming events in retinal development (Tomlinson and Ready 1987). 
Cells in advance of the furrow appear undifferentiated, whilst 
cells through which the furrow has passed are in various stages of 
differentiation . Differentiation of cells in this tissue is not 
lineage dependent but appears to involve a form of recruitment of 
individual cells into pre-clusters of photoreceptor cells 
(Tomlinson and Ready 1987). 
lmmunohistochemical studies using the X17 antibodies 
were performed on whole eye-antenna! imaginal discs of wild-type 
Canton-S third instar larvae by Mr Eric Hines (CSIRO Division of 
Entomology, Canberra). These revealed (Figure 5.4d) a specific 
staining pattern in a band just posterior to the morphogenetic 
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furrow. This observation compares well with the in-situ 
hybridisation studies which also showed the expression to be 
localised in the region of the morphogenetic furrow. The 
phenotypic analysis of rough mutants by Tomlinson et al. (1988), 
showed that the rough gene is required for the normal formation of 
the R3 and R4 photoreceptors (Section 1.2). It appears that 
photoreceptors R8, R2 and RS begin to differentiate in the vast 
majority of developing rough ommatidia but the developmental 
progression incorporating R3 and R4, and subsequent steps are not 
executed properly. The mechanism and point at which R3 and R4 
are affected is unclear (Tomlinson et al.1988). 
The immunohistochemical studies of the eye disc were not 
at a sufficiently high resolution to indicate the precise identity of 
the cells in which rough protein was being expressed, although it 
might be predicted that to be in the R2 and RS photoreceptors 
during the recruitment of the R3 and R4 cells. This may be shown 
by electron microscopy studies using immunogold-conjugated 
secondary antibodies. 
5.2.6 lmmunochemical Assays for the roHD. 
As described in Sections 3.2.1 and 3.2.3, immunochemical 
methods using the X17 antibodies were tried as a means of 
detecting the ro HD to facilitate its purification. However, there 
were problems experienced in the blotting of proteins for Westerns 
(Figure 5.5). Although the roHD was successfully blotted onto PVDF 
from a 10% SOS-PAGE gel for protein sequencing (Section 3.2.1 ), 
difficulties were found in transferring it from higher % gels 
required for a satisfactory visualisation of low molecular weight 
proteins during purification (Figure 5.5). As can be seen in Figure 
5.5, the blotting of elution fractions from an ion-exchange column 
(a) onto PDVF membrane (b) resulted in an incomplete transfer 
pattern (c). The transfer of small proteins (less than 27 kdal) 
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Figure 5.5: a} SOS-PAGE of elution fractions from a 
BioRex ion-exchange column during roHO purification 
studies; b} Western blot of fractions in a}; c} SOS-PAGE 
after protein blotting for Western in b}. 
a) pJG(2) protein extract· Induced pJG(2) cells (net weight 23 g/ 
see Chapter 3) resuspended in 300 ml lysis buffer (Buffer A, 0.6 M 
NaCl, 10% sucrose, 0.25 mM PMSF), and lysed at 10,000 p.s.i. in a 
French Press. Lysate centrifuged at 18,000g for 20 minutes at 4°C. 
0.4% Polymin P added to supernatant, mixed on ice for 15 minutes, 
and centrifuged at 14,000g for 15 minutes at 4°C. Supernatant 
taken to 60% ammonium sulphate saturation, then centrifuged at 
18,000g for 20 minutes at 4°C. Pellet resuspended in 30 ml Buffer 
A + 0.1 M NaCl, and dialysed against Buffer A + 0.1 M NaCl. 
BioRex chromatography: BioRex column (17 x 1.5 cm) pre-
equlibrated with Buffer A + 0.1 M NaCl, then loaded with above 
protein extract. Column washed with 200 ml Buffer A + 0.1 M NaCl, 
then eluted with 200 ml salt gradient (0.1 to 1.1 M NaCl), 
collecting 5 ml fractions. 
SOS-PAGE: Elution Fractions corresponding to two main peaks (peak 
one= 20 to 26, max. A2aonm= 7.7 (fractions 21,22,23)/ peak two= 
26 to 32, max. A2aonm= 3.0 (fraction 28)) were loaded (20 µI each) 
onto an 18% gel and electrophoresed as shown. 
b) SOS-PAGE: as in a). 
Western blot: gel blotted with PVDF membrane as described in 
Section 5.3.4. The transfer buffer was 1 O mM CAPS, 20% methanol, 
pH 11.0. Transfer was at 200 mA for 15 hours at 4°C. The antibody-
staining procedure was as described in Section 5.3.4; the X17 
antisera was diluted 1 in 500; the secondary antibody was 
peroxidase-conjugated anti-rabbit lgG . 
c) The SDS-polyacrylamide gel described above, which was blotted 
to give the result in b), was stained for protein (using the standard 
Coomassie Blue stain - see Section 3 .. 3.1) after completion of the 
blotting procedure in b), showing the incomplete pattern of protein 
transfer. 
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appears to decrease with increasing basic charge (proteins eluting 
in later fractions will have a higher positive charge than those 
eluting earlier). Solutions to this problem regarding the blotting 
of small basic proteins have been suggested (Szewczyk and 
Kozloff 1985). These include raising the pH of the transfer buffer 
to reduce the positive charge on proteins; and minimising the 
equilibration of the gel in transfer buffer prior to blotting. The 
methanol in the transfer buffer is required for the retention of 
proteins on the membrane but removes SOS from the proteins 
during transfer (increasing the positive charge) (Szewczyk and 
Kozloff 1985). Transfer buffers at pH 11.0 were tried, and gels 
were not equilibrated in transfer buffer. However, under these 
conditions (Figure 5.5), background staining increased, notably of 
proteins with a similar Mr to the roHD (e.g. the protein -16 kdal in 
Figure 5.5a), Fractions 26-32, which stained strongly on the 
Western blot in 5.5b). -
Thus, although transfer is improved at lower % SOS-PAGE 
(Szewczyk and Kozloff 1985) , the lower resolution of small 
proteins, given the levels of background antibody staining, 
prevented the development of an immunochemical assay for the 
roHD. 
5.3 Materials and Methods. 
5,3 1 Engineering of the x17 hybrid gene. 
The methods used in this construction were essentially as 
presented in the Methods section of Chapter 2. 
Preparation of M13 DNA tor sequencing (Yanisch-Peron et al.1985) 
The ligation mixture of double-stranded M13mp18 DNA with the 
insert DNA was used to transform competent E. coli 7118 (F' 
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proAB /ac/qUM15; Yanisch-Peron et al.1985). The transformed cell 
mixture was added to 3 ml of top agar containing 20 µI IPTG 
solution (24 mg/ml), 20 µI X-gal (20 mg/ml dimethyl formamide), 
and 200 µI log-phase 7118 culture. This was plated on LB agar and 
grown overnight at 37°C. Blue lysis plaques indicated religated 
M13 DNA, so clear plaques were selected for DNA preparation. 
Clear plaques were toothpicked into 2ml of 7118 cells in LB 
(A595=0.05). This was grown overnight at 37°C. 1 ml was 
centrifuged and the supernatant (with the M13 phage) removed. 
Phage was precipitated by addition of 270 µI PEG solution (20% in 
2.5 M NaCl), mixing for 15 minutes, and centrifuging. The pellet 
was resuspended in 200µ1 TE and the DNA extracted by phenol 
extraction, with the addition of 100µ1 TE-saturated phenol, mixing, 
and centrifugation. The DNA was precipated from the aqueous 
phase by ethanol precipitation. The single-stranded DNA was 
resuspended in 20µ1 TE, 2µ1 of this solution was adequate for 
dideoxy sequencing, which proceeded with the annealing of a 
primer oligonucleotide in a manner similar to that described in 
Chapter 2. The sequencing protocol followed the recipe with the 
sequencing kit from BRESA. An easier procedure utilising pTZ18u 
(Pharmacia) was used later. Here, the ligation mixture was used to 
transform E. coli TG1. These cells were grown on LB plates with X-
gal/lPTG top agar. White colonies were selected. Single-stranded 
pTZ DNA was obtained by adding 5µ1 of a suspension of M13K07 
helper phage (Pharmacia) to a growing culture of the clone, 
purifying and sequencing it as described above. 
5.3.2 Purification of the Fusion Protein. 
The induced X17 cell pellet was resuspended in 50 mM 
Tris pH 7.6, 10% sucrose, and stored at -70C. It was thawed and 
sonicated at 100 Watts for 4 x 1 minutes on ice using a sonic 
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probe. The lysate was spun at 1 O,OOOg for 30 minutes at 4°C. This 
pellet was resuspended in protein loading buffer (60 mM Tris 6.8, 
4% SOS, 100 mM OTT, 10% glycerol) and boiled for 1 O minutes. The 
equivalent of 100ml of culture was loaded onto a 7% preparative 
SOS-PAGE gel (3mm x 150mm x 250mm) which was run overnight 
at 75 volts. The gel was stained in aqueous Coomassie Blue (3% in 
4:1 H20/MeOH) for 15 minutes then destained in 0.25 M KCI at 4°C. 
The band corresponding to the fusion protein was excised and diced. 
The protein was eluted from the gel slices by placing them in a 
BioRad Electroelution apparatus. Elution was overnight at 50mA, 
the protein was concentrated in the dialysis cups associated with 
the apparatus (cut-off 20 kdal), and recovered in 0.5ml per cup. 
The fusion protein concentration was assayed by running against p-
galactosidase (from Sigma), made up to 0.65µg/µI in TE. 
5.3 3 Raising Antibodies 
The protein was emulsified with Freund's Complete or 
Incomplete Adjuvant from the Commonwealth Serum Laboratories. 
Injections were made into the hind leg using sterile 24G needles 
and 1 ml syringes. The rabbits were bled by nicking the ear veins. 
The blood was left to clot overnight at 4°C before centrifuging at 
1 O,OOOg for 15 minutes. The serum was removed and stored at 
-70°C . When needed it was thawed and kept at 4°C. 
5.3.4 Western Blots (Towbin et al.1979) 
SOS-PAGE of proteins were carried out as described in 
Chapter 3. Blots of these were obtained by placing the gels in a 
"sandwich" consisting of a Scotchbrite pad, a sheet of 3MM paper, 
the gel, a sheet of pre-soaked (nitrocellulose membrane (BioRad), 
or lmmobilon PVOF transfer membrane (Millipore)), another sheet 
of 3MM paper and a Scotchbrite pad. This was assembled in a 
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BioRad Transblot apparatus, care being taken to remove all air 
bubbles whilst assembling it in transfer buffer (20mM Tris, 150mM 
glycine, 20% MeOH pH 8.5) . The blot was run overnight at 25 volts , 
then for 1 hour at 60 volts. Variations in the transfer conditions 
and buffers used are described in Section 5.2 and Figure legends. 
The extent of transfer could be initially assessed from 
the transfer of the pre-stained protein standards. The membrane 
was washed in TBS (20mM Tris, 0.5M NaCl pH7 .5) for 1 O minutes, 
before blocking any remaining reactive sites with 3% gelatin in 
TBS for 1 hour with shaking. The membrane was washed in TTBS 
(0.005% Tween-20 in TBS) and then placed in the primary antibody 
solution overnight (rabbit antisera diluted in antibody solution=1 % 
gelatin in TTBS). The dilution of rabbit antisera varied from 1 in 
500 to 1 in 1000. The membrane was now washed twice in TTBS 
before being soaked in the secondary antibody solution for 2 hours. 
The secondary antibodie? used were Donkey Anti-Rabbit lgG 
covalently linked to the Peroxidase enzyme (Amersham), which was 
used at 1 in 2000 dilution; and goat anti-rabbit lgG alkaline 
phosphatase conjugate (Sigma) used at 1 in 1000 dilution. The 
membranes were then washed twice in TTBS, and once in TBS 
before being developed in the staining solution. The staining 
solution for peroxidase is 4-chloro-1-naphthol (50mg in 300µ1 
ethanol) in 50mM Tris 7.6 (100ml)/30% hydrogen peroxide (100µ1), 
which gives a purple precipitate. For alkaline phosphatase, the 
stain is ~-Naphthyl Acid Phosphate (25mg) , Fast Blue BB salt 
(25mg) and MgS04 (60mg) in 50ml boric acid solution (3.7g boric 
acid, 1.8g NaOH per litre), giving a burgundy red precipitate . The 
staining reaction is stopped by rinsing in water several times. 
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CHAPTER 6. 
The Secondary and Tertiary Structure of the Homeodomain. 
6 1 Introduction 
This chapter is concerned with predictions of the secondary 
and tertiary structure of the rough homeodomain . In this respect, 
extensive reference will be made to the known tertiary structure 
of the Antennapedia homeodomain (Otting et al.1988, Qian et 
al.1989). 
6.1 .1 The Folding and Structure of Globular Proteins . 
The biosynthesis of proteins during the process of 
translation takes place on free or membrane-bound ribosomes , 
yielding distinctive linear sequences of amino acids which , in a 
"second translation" , attain their unique spatial configuration 
(Jaenicke 1987). Interactions with other proteins or membranes 
may serve to regulate structure formation in terms of specific 
subunit recognition , chemical modification , and addressing , finally 
providing the functional state (Golonbinoff et al.1989) . 
The spontaneous acquisition of the native three-dimensional 
structure and the capacity to form higher-order assembly 
structures are primary functions of the nascent polypeptide chain . 
The detailed mechanisms of both processes is still not well 
understood . This applies to co -translational folding steps as well 
as post-translational processing , addressing , and compartment-
alization (Jaenicke 1987) . 
Studies of the reversible denaturation of globular proteins 
have shown that folding and association occur in a spontaneous and 
autonomous way, and that the amino acid sequence contains the 
necessary information for regaining the native tertiary structure, 
although directionality of chain elongation in vivo may confer 
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information not available in vitro. (Jaenicke 1987) . 
There is debate as to the question of whether protein folding 
provides a unique structure for a given amino acid sequence and, if 
so, does this structure represent the most stable state on the 
energy profile (Go 1983, Jaenicke 1987). The term "unique 
structure" is misleading since the protein in its native three-
dimensional structure is a dynamic system fluctuating around a 
limited number of preferred conformations. The corresponding 
motions involve amino acid side chains, stretches of the 
polypeptide chain, and domains. Their amplitude and angles differ 
over a wide range with maximum values of -10 ft. for chain 
movements and -20° for domain rotation (Jaenicke 1987). 
The "translation" of a given amino acid sequence into its 
three-dimensional structure may be influenced by co-translational 
or post-translational processing of the nascent polypeptide chain, 
as well as the specific solvent environment. 
The aqueous or non-polar environment of the nascent 
polypeptide chain will play a significant role in determining the 
final protein structure, especially given the ampholytic properties 
of amino acid residues and the amphipathic nature of structural 
elements detected in all known protein structures. Proper folding 
in an aqueous solution implies that interactions between water and 
the polar and non-polar portions of the protein will play a 
significant role in determining the shape and stability of the 
protein because globular proteins minimise their free energy by 
segregating non-polar amino acids from the aqueous medium 
(Jaenicke 1987). 
The balance of the free energies of the unfolded and folded 
conformation is found to be a small difference in large numbers: in 
the denatured state, the chain entropy dominates; upon folding to 
the native state, the loss in chain entropy is compensated for by 
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the sum of the intramolecular interactions, and the positive 
solvatio n entropy. Th is latter gives rise to "hydrophobic 
interactions" as well as a minimum hydrophobic surface area 
(Jaenicke 1987, Go 1983). 
Estimates of the contributions of the different types of 
molecular interactions to the free energy of protein stabilization 
show that protein folding and association is determined by the 
increase in entropy caused by water release from non-polar and 
polar atoms or residues . Unfavourable free energy terms are 
derived from the loss of rotational and translational degrees of 
freedom which invariably accompany intramolecular interactions 
as well as complex formation. Van der Waals interactions and 
hydrogen bonds are considered to be less important since these 
interactions replace similar ones made with solvent molecules in 
the free unfolded chain . Their main role is to confer specificity in 
the protein structure (Jaenicke 1987) . 
In general terms , the structure of proteins is based upon a 
hierarchical order of protein folding . In an amino acid sequence , 
next neighbour interactions lead f irst to regular structural 
elements of secondary and supersecondary structure , which 
subsequently merge into domains as structural units that fold 
independently. Preformed domains, at the next level, coalesce to 
form the compact tertiary structure (Chothia 1984). In the case of 
quaternary structure formation , "structured monomers" with 
native-I ike tertiary structure acquire their final state of lowest 
free energy by sequential association and shuffling reactions . 
(Jaenicke 1987) . 
6 1.2 Secondary Structure. 
In acquiring its three-dimensional structure , it may be 
assumed that portions of the nascent polypeptide chain can serve 
as "nucleation sites" for folding because they can "flicker in and 
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out of the conformation that they can occupy in the final protein" 
(Jaenicke 1987). Candidates in this regard are a-helices, B-
structures, and hydrophobic clusters. 
Regular structures in proteins are characterised by specific 
torsion angles, e.g. an a-helix has phi = 58°, and psi = 47°. The a-
helix with 3.6 residues per turn (and other helical structures) is 
formed by local, next-neighbour interactions. B-structures involve 
interactions between distant parts of a polypeptide chain, as well 
as intermolecular interactions of different chains , rather than 
such next-neighbour interactions within a contiguous sequence of 
amino acid residues. Studies of high resolution structures show 
that distortions of a-helices and B-sheets occur frequently due to 
the tendency of the polypeptide chain to achieve a compact 
structure with the minimum of empty space. These irregularities 
are, however, insignificant for the problem of folding and 
association, because they do not interfere with the relevant 
features of the secondary structural elements, namely , the dipole 
nature of a-helices, the amphipathic complementarity and packing 
of regular arrangements of the polypeptide chain, and their 
involvement as "seeds" in the initiation of structure formation 
(Jaenicke 1987) . 
Reverse B-turns are , after a-helices and B-strands, the next 
most abundant structural feature in globular proteins. Since they 
contain mostly hydrophilic residues, they are normally located at 
the surface of proteins Although B-turns are very important in 
accomplishing a compact globular structure, they tend to play only 
a passive role in the folding process. Containing a maximum of one 
hydrogen-bond, they are a point of least resistance to non-covalent 
forces tending to bend the polypeptide chain. This assumption 
seems to be supported by the large variety of observed bend types 
(> 11), none of which seems to form a particularly stable 
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conformation . 
Other "non-repetitive" structures (commonly , all amino acid 
residues that are not in a-helices , P-sheets or turns are designated 
as "random coil") which connect a-helices or P-strands may be 
either highly organised and well-defined irregular stretches, or 
genuinely disordered regions caused by protein flexibility. 
Apart from the N- and C-terminal stretches of the 
polypeptide chain, which are often found to exhibit high chain 
mobility, disordered regions generally have very definite 
functional roles , e.g . as hinge regions between structural domains , 
or as specific interaction sites to entrap RNA and DNA in 
nucleoprotein complexes (e.g . Anderson et al.1987). 
6 .1 3 Tertiary Structure 
The tertiary structure of a protein is basically determined by 
the localization of regular a- and P-structural segments along the 
polypeptide chain ; by the ir topological arrangement in space ; and 
by their "assembly" in terms of close packing , i.e. minimization of 
accessible surface area, generating domains or the compact, 
solvent-free globular shape. 
6.1 .4 Domains 
Domains , as compact substructures within protein molecules , 
represent autonomous folding units with a minimum surface area 
to volume ratio resulting in globules with the most interactions 
within and the least without. Their size varies considerably with 
an average of - 150 ± 50 residues . 
"Structural domains" show independent folding and independ-
ent assembly to a native-like structure. This "independence" 
refers to in vitro folding and translation experiments where 
nascent multi-domain proteins have been shown to "fold by parts" 
in a co-translational fashion (Jaenicke 1987) . Based on this kind 
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of vectorial mechanism, with well-defined assembly modules, 
large polypeptide chains speed up folding by many orders of 
magnitude ; at the same time, they succeed in minimizing incorrect 
intramolecular long-range interactions . 
Generally, domains fold independently in kinetic terms , and 
they are thermodynamically stable . Folding units that are 
integrated into a larger entity as subdomains or domains may be 
considered as obligatory kinetic intermediates on the folding path. 
Apart from eliminating incorrect aggregation ("wrong aggregat-
ion") , they may be of selective advantage because they enhance the 
folding rate of large protein molecules considerably , thus avoiding 
protein degradation of the nascent polypeptide chain (Jaenicke 
1987). 
There seems to be a structure-function relationship in 
connection with the organisation of the gene and gene families -
the discovery of the ex-0n-intron arrangement of enkaryotic genes 
suggested a correlation between the arrangement of such coding 
sequences in genes and protein domains, supporting ideas about 
their evolutionary origin . There is evidence that individual 
domains are coded by separate exons in multidomain proteins. 
Long, intronic DNA segments could serve the purpose of increasing 
the recombination rate among separate coding segments. In 
connection with protein divergence , this is a way in which 
different functional properties may have been reassorted to 
generate novel protein , thereby increasing the rate at which 
proteins evolved (= "exon shuffling")(Bajaj and Blundell 1984). 
The functional importance of domains is evident: active sites 
of enzymes may reside on different domains or at domain 
interfaces ; different substrates or effectors may bind to different 
domains performing different functions. 
The assumption that the homeobox encoded a distinct protein 
domain is based upon the high degree of conservation observed in 
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many genes (as described earlier); where the homeobox does not 
occur as an exon in its own right, there is large variability in the 
flanking regions. Hence, it was postulated that the homeobox 
would give a homeodomain (Laughon and Scott 1984). The 
expression of a functional, structurally stable do main 
corresponding to the homeobox is borne out by the work in this 
thesis with the roHD and that on the Antp HD (Muller et al.1988, 
Otting et al.1988, Qian et al.1989). 
6.2 Modelling Homologous Proteins 
The evolutionary mechanism of gene duplication and 
divergent evolution leads to families of homologous proteins that 
share similar primary and tertiary structures. This provides a 
powerful method of predicting the confirmation of one protein 
based on the crystal coordinates of a homologous protein . The 
process starts with the alignment of the two sequences during 
which insertions and deletions are generally placed in the loop 
regions connecting the regular secondary structural elements (as 
these tend to be more conserved du ring evolution). This is 
followed by model building (e.g. with interactive computer 
graphics) in which the known structure is initially taken , and 
alterations in the amino acid sequence are subsequently considered 
step-by-step. This starting model is then adjusted to yield a 
stereochemically sensible conformation in which i) there are no 
disallowed close contacts , ii) there is tight packing of the 
hydrophobic core, and iii) polar and charged atoms that do not form 
internal hydrogen bonds or salt bridges are exposed to the solvent. 
Where the proteins have sequence homology of 50% or more, 
models have been predicted which are correct to better than 1 A, 
although individual side chains may be more in error (Chothia 
1984) . Refinement of the model may be achieved by energy 
minimisation, e.g . using the CHARMM computer program (Shih et 
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al.1985). In this procedure, the native conformation is found by 
moving the atoms in the model to give an equilibrium structure 
defined by a minimum of potential energy functions. However, 
there may by several different minimum energy conformations, and 
the native protein may not have the lowest potential energy 
conformation (since it may not be a kinetically accessible 
conformer on the protein folding pathway; Novotny et al.1984) . 
The tertiary structure of the fushi tarazu homeodomain has 
been modelled using sequence homology to the structurally-known 
DNA-binding proteins, catabolite activator protein (CAP) and A. 
repressor (Tsonis et al.1988) and subsequent energy minimisation 
to give the predicted structure . Although the helix-turn-helix 
segment was correctly predicted , there are significant structural 
differences when compared to the tertiary structure of the Antp HD 
(f tz and Antp are the same at 46/53 residues, and functionally 
conserved at 4 of the remaining 7, i.e. 94% homologous for the 53 
residue NMR structure). For example, the two conserved interior 
residues Trp-48 and Phe-49 (Figures 6.2d) and e)) were predicted 
to be located on the protein surface (Qian et al.1989) . 
Although the tertiary structure of the Antp HD has been 
determined (Qian et al.1989) , the three-dimensional coordinates 
corresponding to this structure had not been released at the time 
of writing . In the absence of this structural information a 
prediction of the roHD structure could not be accurately modelled. 
However, a comparison of the primary sequence based on known 
functional similarities suggests that their structures are very 
closely related. 
6,3 Tertiary Structure of the Antennapedia homeodomain 
The secondary (Otting et al.1988) and tertiary structure (Qian 
et al.1989) of the Antp HD has been determined in solution by NMR 
spectroscopy. 
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The numbering of the Antp HD is from the first amino acid of the homeodomain, which finishes at residue 60; 
the M at the start of both the Antp HD and roughHD is an addition for expression. The roughHD has been aligned 
to show the degree of homology between the proteins: I = identical residues, o = residues which are functionally 
homologous. The three-dimensional structure of the Antp HD has been determined by NMR spectroscopy from 
residues 7 to 59 (Qian et al.1989/see Figure 6.2 for further details) and a summary of the secondary elements 
of the Antp HD is shown, including the helix 2-turn-helix 3 motif, whose existence had been proposed upon the 
basis of sequence homology with prokaryotic DNA-binding proteins (see Figure 4.2). The hydrophobic core of 
the Antp HD consists of the 11 underlined residues. 
The roughHD has strong homology with the 53 residue portion of the Antp HD from 7 to 59 for which the NMR 
structure is known: 32/53 identical (60%), and 8/53 homologous (15%). 
Figure 6.1: The sequence of the Antp HD protein (Muller et al.1988} compared with the roHD protein 
(from pJG(2U; and details of the An tp HD protein's three-dimensional structure (Qian et al.1989}. 
This structural study was conducted with the 68 amino acid 
Antp HD (Muller et al.1988) at protein concentrations of 4 mM (13 .5 
mg) and 11 mM. However, structural information was not obtained 
for the first 7 and last 8 residues of the protein (Qian et al.1989). 
Thus, the tertiary structure given is for 53 residues from the 7th 
to the 59th position in the Antp HD (Figure 6.1 ). In this region, the 
roHD has a high homology with the Antp HD: 32/53 identical 
residues (60.4%), and 8/53 conserved residues (15.1 %) (Figure 6.1). 
Thus, given that both the roHD and Antp HD seem to represent 
members of a functionally and structurally conserved gene family , 
a high degree of structural similarity between the two would be 
predicted (Blu ndel I et al.1987). 
The Antp HD structure was based on 19 conformers derived 
from NMR data, all of these were in good agreement with each 
other, and had favourable conformation energies (Qian et al.1989). 
The input for these structure calculations contained about 7000 
distance constraints determined by two-dimensional nuclear 
overhauser enhancement spectroscopy (NOESY) and 118 Scalar 
coupling constants that determine the allowed ranges for the 
dihedral angles phi and psi (Qian et al.1989) . The quality of the 
structure determined from such an extensive set of structural 
constraints is considered to be comparable to that resulting from 
X-ray diffraction in single crystals at a resolution of _2 A (Bax 
1 989). 
The Antp HD contains four a-helices, three of these are well-
defined, the fourth is more flexible (Figure 6.2). Helix 1 contains 
residues 10-21, helix 2 the residues 28-30, and helices 3 and 4 are 
directly adjoining from residues 42-52 and 53-59. These three 
helical regions are connected by the hexapeptide 22-27, and the 
tripeptide 39-41 . Helix 1, 2 , 3 are well-defined but helix 4 was 
found to have a less stable conformational structure. The 
conformation of the N- and C-terminal segments, 0-6 and 60-67 , 
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Figure 6.2: Stereo views of the three-dimensional 
structure of the Antp HD <from Qian et al. 1989}. 
a} Protein backbone. 
The polypeptide backbone atoms, N, ca, and C' of residues 7 to 59 
of the Antp HD (see Figure 6.1) are shown for the nineteen 
conformers resulting from distance geometry solutions of NMR 
data. Helix 1 is at the back, running down the middle from R10 to 
H21; the hexapeptide 22 to 27 runs along the bottom; helix 2 is on 
the right, running up from R28 to L38; after the tripeptide turn, 
helix 3 and helix 4 pass at the front, from right to left. 
b) All heavy atoms. 
All of the heavy atoms (C,N,O,S) are shown for one of the 
conformers in a). The protein backbone is drawn in purple. Side 
chains are coloured: blue = Arg/Lys; red = Glu; yellow = Ala , Cys , 
lie, Leu, Met, Phe, Trp; white = Asn, Gin, Ser, Thr, Tyr, His. 
c} Hydrophobic core. 
As in b), but only the backbone (purple), and the side chains 
comprising the hydrophobic core of the protein are shown, namely: 
Thr-13 (white), Leu-16, Leu-26, lle-34, Ala-35, Ala-37, Leu-38 , 
Leu-40, lle-45, Trp-48, and Phe-49 (all in yellow). 
a} Protein backbone. 
b} All heavy atoms. 
c} Hydrophobic core. 
Figure 6.2: Stereo views of the three-dimensional 
structure of the An tp HD (from Qian et a I. 1 9 8 9}. 
was insufficiently defined by NMR to give a structure. However, 
this may be due to the presence in the Antp homeobox exon (the 
last of the four Antp exons; Schneuwly et al.1986) of an additional 
15 amino acids at the C-terminus which may give a more stable 
conformation in the native protein, whilst at the N-terminus, 
where only one additional residue exists in the exon, a high degree 
of flexibility may be expected for the peptide link that connects 
the homeodomain with the rest of the native Antp protein. The 
roHD is flanked by 9 (N-) and 8 (C-terminus) residues in the middle 
exon of rough and hence, would be predicted to have similar 
flexible peptide links to the rest of the protein. 
The three-dimensional molecular architecture of the Antp HD 
(Figure 6.2a) shows that helices 1 and 2 are aligned in an almost 
exactly antiparallel fashion, whilst helices 3 and 4 are 
approximately perpendicular to 1 and 2. The axis of helix 4 forms 
an angle of about 30° with respect to the axis of helix 3 and it 
points away from the globular core of the protein. 
Residues 30-50 form a helix-turn-helix motif in the Antp HD 
which is virtually identical to those observed in various 
prokaryotic repressors. This is the proposed DNA-binding region of 
the domain (see Chapter 4) . Comparison of the Antp HD with 
several prokaryotic repressor proteins showed that, although the 
polypeptide backbone arrangement in the region of the helix-turn-
helix segments is nearly identical in the Antp HD and phage 434 
repressor, there are no additional similarities between the 
architectures of the two molecules. A high resolution crystal 
structure for the interaction of phage 434 repressor with a 
specific DNA region, and similar co-crystals of 11. repressor-
operator, have shown that the helix-turn-helix motif accounts for 
most of the sequence-specific DNA recognition and binding by 
these proteins (Aggarwal et al.1988, Jordan and Pabo 1988). 
In all of the structures known for wild-type repressor 
132 
Figure 6.2: Stereo views of the three-dimensional 
structure of the Antp HD <from Qian et al. 1989}. 
d} Strictly conserved residues and charge distribution. 
As in b) and c). Only the strictly conserved side chains are shown: 
Trp-48, Phe-49 (yellow); Asn-51 (white); and Arg-53 (blue). The 
backbone has been coloured blue for Arg/Lys, red for Glu, and 
purple for other residues. 
e) DNA-binding interactions. 
The structure in b), c), and d) has been rotated to look down the 
axis of helix 3, the proposed recognition helix in DNA-binding 
interactions. The backbone is shown in purple. The strictly 
conserved side chains in d) are again shown: 
Trp-48, Phe-49 (yellow); Asn-51 (white); and Arg-53 (blue). 
d) Strictly conserved residues and charge distribution. 
-
Figure 6.2: Stereo views of the three-dimensional 
structure of the Antp HD (from Qian et al. 1989). 
e) DNA-binding interactions. 
proteins, the first residue of the tripeptide forming the "turn" 
between the two helices is glycine, and it assumes a conformation 
defined by the dihedral angles, phi - 60°, psi - 60°. This 
conformation corresponds to a left-handed a-helix and is only 
energetically favourable for glycine. Only a few homeodomains 
(e.g. engrailed, Figure 4.2) have a glycine at this position, Antp has 
a cysteine and rough, an arginine; however, in the Antp HD, the 
cysteine at this position also has a local conformation with phi = 
60° and psi = 60°. Some homeodomains have the sterically strongly 
restricted amino acids, valine and threonine, at this position. Such 
an energetically unfavourable conformation would presumably be 
countered by the force with which helices 1, 2 and 3 are held 
together. This is provided by the hydrophobic core, which in the 
Antp HD is formed by the 10 residues: Leu-16, Leu-26, lle-34, Ala-
35, Ala-37, Leu-38, Leu-40, lle-45 , Trp-48 and Phe-49. This 
protein core is further-stabilised by a hydrogen bond between the 
side chain of Thr-13 and the indole nitrogen of Trp-48 (Figure 
6.2c). In the roHD, only one of these residues is notably different, 
with Thr at position 37 instead of Ala, hence it is likely that a 
similar hydrophobic core is formed . 
The distribution of charged side chains in the Antp HD was 
noted, since it could contribute to favourable interactions of helix 
3, and possibly helix 4, with DNA. Positive and negative charges 
are grouped on different sides of the protein (Figure 6.2d) - this 
asymmetric charge distribution should give the molecule a large 
global electric dipole moment. In addition, the Antp HD has a total 
of seven positive charges distributed along helices 3 and 4 (there 
are six in the roHD, with Thr-43 instead of Arg) which could give 
energetically favourable interactions by these helices with the 
major groove of the target DNA. The four amino acids which have 
been found to be strictly conserved in the more than 80 
homeodomains of metazoa (Scott et al.1989) are Trp-48 and Phe-
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49, which are located in helix 3 of the Antp HD, where they are part 
of the hydrophobic core ; and Asn-51 and Arg-53, which are located 
on the surface of helices 3 and 4 in Antp HD, and are thus likely 
candidates for interactions with DNA. 
The 30° kink between helices 3 and 4 introduces a curvature 
into the helical segment from residues 42 to 59. There is 
speculation that this kink allows tight contacts to be made 
between the entire lengths of helices 3 and 4 and the target DNA. 
This could result in increased specificity and stability of the 
homeodomain-DNA complexes formed. Further information on the 
nature of the homeodomain's interactions with specific DNA 
sequences will presumably come from studies of co-crystals, 
although advances in 2-D NMR may permit a study in solution. 
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